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The beginning of 21
st
 century marks the start of an era of energy and water crises due to the 
depletion of oil reserves and the tremendous population growth across the globe. Water shortages 
are becoming a worrying phenomenon as the demand for freshwater exceeds the supply. 
Furthermore, the rapid depletion of energy sources has made energy intensive separation 
processes uneconomical in the long run. These pressing issues have forced mankind to seek an 
energy efficient way to produce clean water from alternative sources such as seawater and 
brackish water. Reverse osmosis (RO) process is a very established and matured water 
purification technology which has been widely used in many countries around the world. 
However, the greatest concerns on RO process are its intensive energy consumption and the 
limitations in terms of recovery. In countries where energy resources are extremely limited, a 
more energy saving technology is preferred for the production of clean water.  
 
Recently, forward osmosis (FO) process has been studied extensively by many scientists to 
explore its feasibility to be applied in water treatment. The FO process requires no hydraulic 
pressure to achieve water flux and solute rejection unlike RO does. Instead, the driving force for 
water transport is obtained from a solution with a high osmotic pressure, namely draw solution, 
and the separation can be achieved via a semi-permeable membrane which selectively passes 
through water molecules while rejecting other solutes including monovalent ions like sodium 
chloride (NaCl). The driving force provided by osmotic pressures utilized in FO can be 
significantly higher than the hydraulic pressures used in RO, thus theoretically FO may result in 
a higher water flux than RO. Therefore, FO is an attractive alternative to the current energy 
x 
 
intensive processes for water reuse and desalination.  Many studies have shown that FO offers 
various advantages such as higher rejections towards a wide range of contaminants, lower 
membrane fouling propensities, lower energy consumption when the process does not require 
draw solute regeneration and many more over conventional water purification processes. 
 
In the first part of this work, the fundamental science and engineering of cellulose triacetate 
(CTA) membrane formation were explored by fabricating the membranes using different solvent 
systems and characterizing the membrane morphology using advanced tools such as positron 
annihilation lifetime spectroscopy (PALS). It was found that the choice of solvents for 
membrane fabrication significantly affects the morphology of as-cast membranes and their FO 
performance. The CTA membrane cast using NMP as the main solvent showed poor NaCl 
rejection but high water flux, whereas the CTA membrane cast using dioxane as the main solvent 
had excellent NaCl rejection but low water flux. SEM and PAS data revealed that the sublayer of 
CTA membranes cast from dioxane has a close-cell and much denser structure compared to that 
cast from NMP. With the addition of acetic acid into the membrane casting solution, the 
resulting membrane had a significantly more porous and open-cell sublayer structure. In addition 
to the pore forming ability of acetic acid, FTIR spectra confirmed the formation of acetic 
acid/dioxane complexes in the casting solution. Thus, as validated by PAS spectra, the free 
volume of the active layer of the resultant CTA membranes increases after the addition of acetic 
acid into the dioxane/acetone casting solution. Molecular simulations were also conducted to 
examine CTA polymeric chains in different solvent systems and to witness different CTA chain 





Subsequently, a wide range of cellulose esters were newly synthesized and studied for their 
potential as FO membrane materials. Synthesis and evaluation of novel cellulose esters with a 
range of chemical compositions targeted for forward osmosis (FO) membrane fabrication have 
been carried out. Preliminary studies on the effects of the degree of substitution (DS) of hydroxyl 
(OH), acetyl (Ac) and propionyl (Pr) or butyryl (Bu) on permeation characteristics were 
conducted. We observed that water solubilities and free volume of cellulose esters possess great 
influence on the salt permeabilities as the incorporation of more water molecules into the 
polymer matrices contributes to higher salt passage. High hydrophobic functional group content 
leads to a great salt rejection due to low water solubility and hydrated free volume. However, a 
very high content of bulky side groups results in an increase in free volume due to poor chain 
packing and leads to a low salt rejection. High OH content results in high salt permeation. Highly 
hydrophobic cellulose esters are unable to form selective layers without defects under normal 
casting conditions due to rapid phase inversion. 
 
For further understanding on the fundamental properties of various cellulose esters, transport 
properties including salt and water partition coefficients, permeability and diffusivity of various 
newly synthesized cellulose esters were evaluated in this study in order to investigate the 
relationship among them as a function of molecular structure. Dense flat cellulose ester films 
were prepared and studied to minimize the influence of membrane fabrication technique, 
morphology and processing history on transport properties. PALS was employed to characterize 
the free volume of these cellulose esters. It was found that the transport and free volume 
properties can be correlated with the functional groups and their content in cellulose esters. High 
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hydroxyl content leads to a high hydrophilicity hence resulting in a high water and salt partition 
coefficient. Hydrophilic cellulose esters suffer from low water/salt selectivity. On the other hand, 
an increase in bulky and hydrophobic propionyl or butyryl groups generally enhances cellulose 
esters’ selectivity but decreases the permeability. However, a very high content of bulky 
functional group causes a drop in selectivity due to poor chain packing and the enlarged free 
volume as confirmed by PALS. Experimental results suggest that cellulose esters with moderate 
content of both hydroxyl and bulky side groups have the best diffusivity selectivity and may be 
suitable as membrane materials for salty water separation. An upper bound relationship between 
solubility selectivity and water partition coefficient was also observed in these cellulose esters as 
suggested in previous literatures for other polymers. 
 
In the last part of this work, a hydrophilic cellulose ester with a high intrinsic water permeability 
and a water partition coefficient was chosen to fabricate highly porous membrane supports for 
flat-sheet thin film composite FO (TFC-FO) membranes. The polyamide selective layer is 
formed by interfacial polymerization. The performance of TFC-FO membranes prepared from 
the hydrophilic cellulose ester groups clearly surpasses those prepared from cellulose esters with 
moderate hydrophilicity. Post-treatments of TFC-FO membranes using sodium dodecyl sulfate 
(SDS) and glycerol followed by heat treatment further enhanced the water flux without 
compromising the selectivity. PALS analyses have confirmed that the SDS/glycerol post-
treatment increases the free volume size and fractional free volume of the polyamide selective 
layer. The post-treated TFC-FO membranes exhibit a remarkably high water flux of up to 90 
LMH when the selective layer is oriented towards the draw solution (i.e., PRO mode) using 1M 
NaCl as the draw solution and DI water as the feed. For seawater desalination, the membranes 
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display a high water flux up to 35 LMH using a 2M NaCl draw solution. These water fluxes are 
the highest ever reported in literatures.   
xiv 
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 Chapter 1 Introduction 
 
1.1 An Overview of Osmosis and Osmotic Pressure 
The history of osmosis can be traced back to early days when mankind utilized salt to preserve 
foods. Even though the phenomenon of osmosis was not understood then, mankind found that 
foods can be prevented from rotting or decaying by preserving them with salt. The use of salt 
draws out the water content in foods and prevents microorganisms from breaking down or 
consuming the foods. It was only until 1748 when osmosis observation was first documented by 
Jean-Antoine Nollet [1]. Osmosis occurs only when a concentration gradient across the semi 
permeable membrane exists. Given a system of semi-permeable membrane separating two 
liquids with different concentrations, water molecules will diffuse from solution with low solute 
concentration to solution with high solute concentration through the membrane without needing 
an input of energy.  
 
Although the occurrence of net water movement across the membrane can be well understood 
macroscopically in terms of equilibrium thermodynamics [2], the microscopic mechanisms of the 
generation of osmotic pressure and the osmotic driving force for water movement are still being 
discussed in many literatures. The interpretation of osmotic pressure often varies in literatures. 
The classical interpretation of osmotic pressure is expressed by van’t Hoff equation shown as 
follows [3]: 
icRT            (1) 
where i is the van’t Hoff factor, c is the concentration of all solute species in the solution, R is the 
gas constant and T is the temperature. A similar but simpler expression for osmotic pressure was 
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first proposed for dilute solutions by van’t Hoff in 1885. A decade later, Gibbs introduced the 
concepts of chemical potential, membrane equilibrium and a hypothetical ideal gas state which 
arrived at the modern derivation of van’t Hoff equation [2, 4]. 
 
According Babbitt et al.’s article, osmotic pressure is described as the hydrostatic pressure 
required to prevent diffusion of water molecules through a membrane [5]. This definition is 
deemed to be flawed since there is no evidence that water molecules stop diffusing across the 
membrane at osmotic equilibrium. Continuous cross-flow of water molecules may still occur 
through the membrane at osmotic equilibrium, but the net flow is equals to zero. Some 
researchers believe that osmotic pressure is generated by the pressure exerted by the 
bombardment of solute molecules against the membrane surface impermeable to the solute. In 
the model of osmotic pressure expression from kinetics derivation by Ben-Sasson et al., the 
movement of solute molecules is modeled as an ideal gas. The authors claimed that a momentum 
pressure difference is formed across the membrane pore when the solute, impermeable through 
the membrane, strikes the membrane surface in a perfect elastic collision. The kinetic energy of 
solute molecule is transferred to the membrane and back to the molecule almost instantaneously. 
The solute molecule then performs net work on the other molecules in the solution away from 
the pore hence results in a momentary pressure difference across the pore [6]. However, this 
concept was rejected as some argued that osmotic pressure is simply a colligative property 
depending on the concentration of the solutes in solvent instead of their chemical nature as the 




Even now, it is difficult to decide which model best describes osmotic pressure and osmotic 
induced flow since very little is known for the microscopic mechanisms. However, the concept 
of osmosis is widely utilized in today’s water separation technology especially for seawater 
desalination due to the high osmotic pressure of seawater. In this chapter, the osmotic processes 
and the invention of various membranes for these processes will be introduced. In addition, an 
overview of cellulose esters as materials for osmotic membranes will also be summarized in this 
chapter. 
 
1.2 Classifications of Osmotic Processes 
The concept of osmotic processes for water separations has been demonstrated in literatures 
since decades ago [8-12]. In osmotic processes, membranes serve as the core that enables the 
separation of water from solution mixtures by the rejection of solutes. Membrane based osmotic 
processes can be categorized into three categories: (1) Reverse Osmosis (RO), (2) Forward 
Osmosis (FO), and (3) Pressure Retarded Osmosis (PRO). Among these processes, RO and FO 
are studied extensively for their applications in water separations while PRO has been gaining 
increasing attention recently for its potential to harvest energy over the salinity gradient between 
fresh and sea water. Among these osmotic processes, FO for water separations will be the subject 
of interest for this dissertation. This is due to the fact that the current state-of-art RO membranes 
and process have achieved a matured state where the energy consumption is approaching the 
theoretical minimum [13]. Whereas for FO, it is currently gaining growing interests due to many 
key advantages which will be discussed in later parts of this thesis. The concept of FO can also 
be further extended into PRO for power generation when low hydraulic pressure is applied to run 




Figure 1.1 Water flux and hydraulic pressure in RO, FO and PRO processes. ∆P is the hydraulic pressure 
exerted and ∆π is the osmotic pressure difference between the solutions. 
 
Figure 1.1 clearly summarizes the hydraulic pressure range and direction of water flow of the FO, 
PRO and RO processes. The fundamental element that differentiates between RO, FO and PRO 
processes is the hydraulic pressure applied in the process. Osmotic processes often involve in a 
system consisting of two solutions with an osmotic pressure difference of ∆π separated by a 
semi-permeable membrane. In FO, no hydraulic pressure is applied onto the system. Water 
molecules will transport through the membrane from the solution with lower osmotic pressure to 
the solution with higher osmotic pressure driven by the chemical potential gradient. The feed 
solution (solution with lower osmotic pressure) loses water and is continuously concentrated 
whereas the draw solution (solution with higher osmotic pressure) accepts water and is 
continuously diluted over the FO process [16-19]. For both RO and PRO processes, hydraulic 
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pressure larger than the osmotic pressure difference of the solutions in the system (∆P > ∆π) so 
that net direction of water flow is reversed, thereby generating pure water as permeate [10, 11, 
20]. PRO process operates at a hydraulic pressure lower than the osmotic pressure difference of 
the solutions in the system (∆P < ∆π). Therefore, the net direction of water flow occurs from the 
solution with lower osmotic pressure to the solution with higher osmotic pressure. The 
pressurization of high osmotic pressure solution in PRO is required to turn on the turbines for 
power generation.  
 
 
Figure 1.2 Relationship between water flux Jw, ∆P and ∆π. 
 
The relationship between Jw, ∆P and ∆π is depicted in Figure 1.2 [21]. The general equation to 
describe water transport in FO, RO and PRO processes is shown as follows: 
 PAJ w             (2) 
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where Jw is the water flux, A and σ is the water permeability coefficient and reflection coefficient 
of the membrane respectively. For a perfectly semi-permeable membrane, σ = 1. The water flux 
direction is dependent on the relationship between ∆P and ∆π.  
 
1.3 The Development and Applications of Forward Osmosis 
Comparing FO to many other pressure-driven membrane based separation processes such as 
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and RO, FO possesses a few key 
advantages mainly due the osmotically driven process. Firstly, as FO operates under low or no 
hydraulic pressure, the process is very attractive due to the potential low energy consumption 
and low cost if regeneration of draw solutes is not required or the regeneration methods are 
economical viable [13, 22, 23]. Studies have also shown that FO is less prone to membrane 
fouling which is prominent in pressure-driven membrane separation processes. In addition, it has 
been proven that fouling in FO is more reversible and can be minimized by optimizing the flow 
hydrodynamics [24-26] A wide range of contaminants can be effectively rejected via the FO 
processes [27-29]. Furthermore, FO also has potential to achieve high water recovery due to the 
high osmotic pressure gradient across the membrane [30]. Due to the diverse range of potential 
benefits, FO has been proposed for use in a variety of applications. 
 
1.3.1 Desalination 
First and foremost, FO is extensively studied for the application in desalination of seawater. In 
many developing countries, access to clean and safe water is very limited due to the lack of 
efficient water catchment and water treatment facilities. Seawater can be easily obtained as it is 
available in vast amount. For the sake of human consumption and irrigation of agriculture, 
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seawater has to be pretreated for the removal of contaminants and salt. The application of RO 
and multi-stage flash distillation (MSF) are usually restricted in areas where energy source is 
scarce and expensive. MSF is widely applied in the Middle East where energy is readily 
available and cheap. The energy consumption of MSF for seawater desalination varies from 17 
to 58 kWh/m
3 
[31]. A large portion of the energy is consumed by the heat requirements for the 
evaporation of seawater. RO provides a less energy intensive alternative to seawater desalination 
as it is not a thermal process. RO reportedly achieved an overall energy consumption of 2 
kWh/m
3
 in year 2006 [20]. However, further reduction of energy consumption is very difficult as 
the current RO technology is approaching the theoretical minimum energy consumption possible 
for RO process [13]. In view of the price hikes of oil in recent years and the rapid depletion of 
energy source, energy cost remains a worrying issue for seawater desalination. The general FO 
system for water regeneration is illustrated in Figure 1.3. 
 
 
Figure 1.3 Schematic diagram of general FO desalination process. 
 
FO concept has been proposed for seawater desalination back in the 1960s [32-34]. In general, a 












permeable membrane. However, pure water is not generated as the final product in the FO 
process. A combination of FO and draw solute regeneration step is required to produce pure 
water and recycle the draw solutes at the same time.  
 
Thermal removal of volatile draw solutes has been proposed for the production of pure water 
from seawater via FO [32, 33]. McCutcheon et al. demonstrated the use of ammonium 
bicarbonate (NH4HCO3) draw solutes for FO desalination [35, 36]. The draw solutes can be 
easily removed via decomposition through low heat. Draw solutes which have temperature 
dependent solubilities such as KNO3 has also been studied for FO for desalination [37]. KNO3 
precipitates out of the diluted draw solution upon cooling due to the decrease in solubility with 
decreasing temperature. Other draw solution recovery methods were also suggested for FO 
desalination. Hybrids of FO with UF [38], NF [39-41], RO [42-44] and membrane distillation 
(MD) [27, 28, 45] were also demonstrated in literatures for the production of pure water via FO 
desalination. In these hybrid processes, FO offer the advantages of better rejection of 
contaminants, lower overall energy input, reduced fouling and elimination of harsh cleaning 
steps due to the FO pre-treatment.  
 
1.3.2 Liquid food concentration and pharmaceutical applications 
Dewatering of food products is often necessary to increase the shelf life and reduce storage and 
transportation costs. FO is a preferred method for concentration of liquid food due to the 
drawbacks of evaporative concentration and vacuum evaporation methods which deteriorate the 
quality of foods. FO for liquid food concentration is reportedly able to produce finished product 
with higher concentration with low energy expenditure. Besides, the food quality can be 
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maintained due to the low temperature operation [46]. The concentration of sugar (sucrose) 
which is a common process in food industry has also been studied using FO [47]. There are also 
numerous research on the dewatering of a variety of foods via FO [48-52]. 
 
In pharmaceutical industry, FO can be applied in osmotic pumps for controlled drug delivery and 
enrichment of pharmaceutical products. Osmotic pumping mechanisms are applied in drug-
delivery systems that release drugs for extended periods [53-57]. The osmotic drug-delivery 
systems are based on osmosis where semi-permeable membrane coatings are utilized for the 
controlled release of drugs. Protein and enzyme enrichment via FO is also demonstrated [45, 58, 
59]. Denaturing of proteins and enzymes can be prevented by using FO as the concentration 
process is not subjected to harsh conditions such as high temperature and pressure.  
 
Thus far, FO has been well received in the fields of food and pharmaceutical product 
concentration as the target products are the concentrates of FO. As pure water is not the desired 
product, further separation of water from the diluted draw solution is not essential. FO process 
also provides a low heat and pressure means to concentrate the target product. This is especially 
important in food and pharmaceutical industry as the products are sensitive to heat and pressure. 
With these benefits, FO has a great potential in food and pharmaceutical product concentration. 
 
1.3.3 Other applications 
FO has also been proposed for many other applications. As FO process can reject a wide range of 
contaminants and has low fouling tendency, it is said that FO holds a great promise in waste 
water treatment [30]. In early days, seawater was suggested as the draw solution for wastewater 
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treatment using FO due to its low cost and high availability [60]. Recently, Cath et al. 
demonstrated the production of drinking water from impaired water using saline water as the 
draw solution in FO [61, 62]. They have demonstrated that high quality drinking water, low 
membrane fouling and low costs can be achieved by using FO due to the multi-barrier 
configuration. In addition, FO has also been investigated for heavy metal, natural steroid 
hormone and also oil removals [27, 29, 63, 64]. FO membrane bioreactor, called an osmotic 
membrane bioreactor (OMBR) was also extensively studied in the literatures [65-68]. The FO 
membrane module is submerged inside the bioreactor and the water is transported from mixed 
liquor across a semi-permeable membrane through osmosis [65]. For the production of potable 
water, the diluted draw solution is treated by RO. It was found that the OMBR configuration 
enables a higher rejection at a lower membrane fouling tendency. However, it is important to 
note that these processes involve FO as a pretreatment step as FO alone cannot produce the final 
target product. However, the FO pretreatment has proven to be useful for the reduction of 
membrane fouling in wastewater treatment processes. 
 
Meanwhile, Phuntsho et al. in Australia has investigated the performance of FO for direct 
fertigation of agriculture by using blended fertilizers as the draw solutes and seawater or brackish 
water as the source water [69, 70]. This method significantly reduces the fresh water demand for 
the agricultural activities as pure water is extracted directly from saline water feed via FO. 
However, the challenge remains in the final nutrient concentrations to avoid over-fertilization as 
high fertilizer concentration would increase soil salinity and cause plant toxicity [70]. Due to the 
limitation posed by the osmotic equilibrium between the feed solution and draw solution in the 
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FO process, further dilution of the product using additional fresh water is needed before it is 
suitable for fertigation. 
 
Besides, commercial FO hydration bags containing potable draw solutions are also used for 
recreational and emergency water relief in situation where potable water is not available [71]. FO 
has also been proposed to generate biofuels by separating algae biomass [72, 73]. Integration of 
FO into microbial fuel cells for wastewater treatment, water extraction and bioelectricity 
generation has also been studied [74]. RO desalination brine can also be treated by FO via 
osmotic dilution before it is discharged into the sea to reduce the ecological impact of highly 
concentrated brine to the marine life [72]. Besides, FO has also been studied as a means of 
membrane cleaning to reduce the frequent needs of harsh chemical cleaning [75, 76]. 
 
1.4 Challenges in Forward Osmosis 
Although FO processes have been demonstrated and suggested for a wide range of applications, 
there are many critical challenges to be overcome to make the process economically viable. 
Concentration polarization is one of the most serious drawbacks related to FO processes as it 
significantly affects the FO performance and is difficult to overcome. Besides, reverse solute 
diffusion and the development of draw solutes are also the pressing issues of FO. 
 
 1.4.1 Concentration polarization 
Concentration polarization is a common occurrence in a variety of membrane based separation 
processes such as pervaporation, UF, NF, PRO and RO [77-80]. In pressure-driven process, the 
concentration polarization occurs on the membrane surface. The concentration of solutes rejected 
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by the selective layer of the membrane builds up on the membrane surface and forms a boundary 
layer with concentration higher than the bulk solution due to the pressure and continuous water 
flow across the membrane. The solute build-up results in a higher osmotic pressure at the 
membrane surface than the bulk which leads to reduced water flux. The occurrence of 
concentration polarization at the membrane surface is called the external concentration 
polarization (ECP). This phenomenon is also reported in FO process [17, 81-86]. In pressure-
driven processes, only concentrative ECP takes place; while concentrative and dilutive ECP may 
occur in FO process depending on the orientation of the membrane since most of the membranes 
are asymmetric consisting of a dense selective layer and a porous support. When the selective 
layer is facing the draw solution (PRO mode), dilutive ECP occurs due to the influx of pure 
water from feed to draw solution. Concentrative ECP occurs when selective layer is facing the 
feed solution (FO mode) due to the reverse diffusion of draw solute and the build-up of existing 
solutes in feed solution due to the movement of water from feed to draw solution. The ECP has 
been proven to be easy to mitigate by improving the flow dynamics and the addition spacers into 
the flow channel [78, 83]. 
 
The more severe phenomenon to consider in FO process is the occurrence of internal 
concentration polarization (ICP). As the name suggests, ICP occurs within the membrane’s 
support layer where the solute diffusion is hindered by the tortuous structure. Major flux 
deviation from the theoretical value in FO is predominantly caused by ICP [83, 86, 87]. Similar 
to ECP, dilutive and concentrative ICP may occur in FO depending on the membrane orientation. 
At FO mode where the draw solution is facing the membrane support layer, dilutive ICP will 
occur within the membrane’s porous layer as a result of the combination of water influx from 
13 
 
feed to draw solution and also the resistance to solute diffusion posed by the support layer.  At 
PRO mode, concentrative ICP occurs in the porous layer of the membrane due to the reverse 
diffusion of draw solute and the build-up of solute due to the movement of water. A few key 
observations were reported for ICP in FO: (1) ICP is much more significant than ECP and is 
difficult to mitigate; (2) ICP is more severe in FO mode where dilutive ICP occurs compared to 
the concentrative ICP that occurs in PRO mode; and (3) ICP becomes more prominent when 
higher draw solution concentrations are used [17, 82]. The ECP and ICP phenomena in FO are 
illustrated in Figure 1.4. 
 
 
Figure 1.4 Illustration of osmotic pressure, π profile of FO through asymmetric at PRO and FO modes. 
The subscript F, D, b and m refer to feed, draw, bulk and membrane surface respectively. ∆πeff denotes 
the effective osmotic driving force. 
 
1.4.2 Reverse solute diffusion 
Since no man-made membrane is perfectly semi-permeable, reverse diffusion of solute from the 
draw solution to the feed solution through the membrane is inevitable due to the concentration 





























reduces the effective osmotic driving force as described earlier. Recent studies also found that 
reverse draw solute diffusion may be correlated with membrane fouling. The reverse draw solute 
diffusion enhances the cake-enhanced osmotic pressure (CEOP) and aggravates FO fouling [65, 
88]. The selectivity of FO membrane is defined as the ratio of the reverse solute flux to the 
forward water flux [89]. Recent study has showed that the ratio is determined by the selectivity 
of the membrane active layer, but is independent of the draw solution concentration and the 
structure of the membrane support layer [90]. FO membrane with highly selective active layer 
should be designed in order to minimize reverse solute diffusion. 
 
1.4.3 Development of draw solutes 
Another huge challenge associated with FO process is the regeneration of draw solutes. 
Depending on the applications, pure water may or may not be required as the final product. 
However, draw solutes should be recycled to reduce costs and avoid environmental issues 
associated with the discharge of diluted draw solutions. Therefore, the development of draw 
solutes is also crucial for the FO process efficiency. The desired properties of draw solutes are: 
(1) good water solubility; (2) high osmotic pressure; (3) low reverse flux; (4) easy recovery; (5) 
low viscosity and (6) low toxicity [19, 91, 92]. A wide range of draw solutes have been proposed 
since 1960’s and they can be generally classified into inorganic, organic and other compounds. 
 
In year 1965, Batchelder suggested adding volatile solutes to seawater or fresh water to create 
the draw solution to be used in the FO processes. The volatile solute is to be removed by heating 
and/or air stripping from the diluted draw solution [32]. Glew further expanded this study by 
using a mixture of water and another gas or liquid as draw solution. The added gas or liquid is to 
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lower the activity of water hence inducing a net flow of water transport from the seawater. 
Removal and recycle of draw solution is suggested [33]. In year 1972, Frank suggested draw 
solution consisting precipitable salt, aluminium sulfate [34]. The water is to be recovered from 
the draw solution by adding calcium hydroxide into the diluted draw solution leading to the 
precipitation of aluminium hydroxide and calcium sulfate. The precipitate is the removed by 
standard methods. The idea of using inorganic draw solutes is then brought back to attention 
when a group of researchers in Yale University demonstrated the use of ammonium bicarbonate 
(NH4HCO3) as draw solute [35, 36]. The ammonium bicarbonate is said to be the ideal draw 
solution due to the relatively low molecular weight of the solute and high solubility. The 
separation of water from the diluted NH4HCO3 solution is done upon heating at near 60
o
C where 
ammonium bicarbonate will be decomposed into ammonia and carbon dioxide gases. The gases 
are suggested to be removed from solution by low-temperature distillation or other gas 
separation processes. In the work done by Achilli et al., a wide range of inorganic draw solutes 
are compared for FO process due to their higher water solubility, osmotic pressure, lower cost 
and toxicity [93]. In addition, numerous studies have also used sodium chloride as draw solute as 
saline water is abundant and cheap [65, 84, 93]. Magnesium chloride has also been demonstrated 
as draw solute for FO [40, 94, 95]. However, reverse solute flux and difficulties in recycling 
these inorganic draw solutes remain as pressing issues due to their relatively small sizes. 
 
Organic draw solutes such as glucose and fructose have also been suggested for FO since the 
diluted draw solution can be consumed directly during emergency [8, 96]. A combined FO and 
low pressure RO using a loose RO membrane was suggested since sugar molecules are relatively 
large [97]. These organic draw solutes are highly soluble in water but possess a low osmotic 
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pressure. Other organic draw solutes include polyethylene glycol 400 (PEG 400) for tomato juice 
concentration [49], ethanol for water recovery from impaired sources [98], albumin for RO 
concentrate dewatering [99] and 2-methylimidazole-based compounds [100]. 
 
In recent years, there has been an increase in effort in chemically designing of novel draw solutes 
for FO processes. Hydrophilic magnetic nanoparticles (MNP) which have high surface area and 
high osmotic pressure were developed as draw solutes [38, 59, 101-103]. Polyacrylic acid MNP, 
2-pyrrolidone MNP and triethyleneglycol MNP were invented. The high surface area to volume 
ratio of MNP draw solutes enables the generation of high osmotic pressure and the big particle 
size makes MNP easy to regenerate by means of magnetic field or low pressure processes such 
as MF or UF. The polyacrylic acid MNP reportedly has a high osmotic pressure of up to 70 atm 
which is much higher than the osmotic pressure of seawater of 26 atm [38]. The problems of 
MNP as draw solutes are mainly due to the agglomeration of particles that occurs during the 
regeneration step. The agglomeration causes the osmotic pressure to drop as the effective surface 
area decreases. To overcome the agglomeration problems, nanoparticles functionalized with 
thermosensitive amphiphilic polymer poly(N-isopropylacrylamide) (PNIPAM) were designed 
[103]. At a temperature below 34°C, the nanoparticles acts as draw solutes by forming strong 
hydrogen bonding interactions with water. At a temperature above 37°C, the nanoparticles 
clumped together as hydrophobic globules, making them easy to be captured by means of UF. 
Recently, polyacrylic acid sodium salt (PAA-Na) draw solutes were developed by Ge et al. [28, 
104]. The PAA-Na has high solubility in water and flexibility in structural configuration with 
insignificant reverse solute fluxes in the FO process. These unique properties not only ensure 
high efficiency in water reclamation and high quality in water product, but also lower the 
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replenishment cost of draw solutes. In addition, PAA-Na salts have good stability and show 
repeatable performance after many recycles. The use of dendrimers for draw solutes were 
proposed by Adham et al. [99]. Dendrimers are symmetrical spheroids that are engineered in 
precision to carry molecules. They consist of a highly branched structure linked to a central core 
through covalent bonds. It was reported that the ethylenediamine core dendrimers with sodium 
succinamate terminal groups and pentaerylthrityl core dendrimer with sodium carboxylate 
terminal groups can provide osmotic pressure much higher than RO concentrate. They can also 
be easily regenerated by UF. Hydroacid complexes were also studied for their performance as 
FO draw solutes in a recent study by Ge et al. [105]. Coordination complex is a material 
consisting of metal and ligands. They can be designed freely according to the required function. 
Cupric and ferric complexes with hydroxyl acids of citric acid, malic acid and tartaric acid 
ligands were synthesized as draw solutes. The hydroacid complexes are highly soluble in water 
and the ferric complexes outperformed NaCl as draw solutes in terms of water flux at the same 
molar concentration. Besides, the reverse solute diffusion is also negligible. Among the newly 
designed draw solutes, the hydroacid complexes clearly stand out as the best performing draw 
solutes due to their high osmotic pressure nature and low reverse solute diffusion. 
 
Apart from newly designed draw solutes, readily available resources such as fertilizers for 
agricultural activities were also investigated as the draw solutes [69, 70]. Due to the scarcity and 
high demand for freshwater in agricultural sectors, the idea of using fertilizers as draw solutes 
was proposed so that freshwater can be obtained from saline water via FO. The diluted fertilizers 




1.5 Membranes for Forward Osmosis 
Membrane serves as the selective barrier in separation processes. Typical membrane based 
separation processes involves the preferential transport of one or more components across the 
membrane. The transport can be driven by hydraulic pressure, temperature and/or chemical 
concentration differences. Many membrane based separation processes such as RO achieved the 
current success mainly due to the invention of phase inversed asymmetric membranes by Loeb 
and Sourirajan in the 1960s [106]. Based on their structure, membranes can be classified into two 
categories: symmetric and asymmetric membranes. Figure 1.5 depicts the structures of 
symmetric and asymmetric membranes. Symmetric membranes have a uniform structure across 
the membrane cross-section. They are commonly used in gas separation processes where dense 
membranes are used for the separation of small gas molecules. Asymmetric membranes consist 
of a thin selective layer grown integrally or via interfacial polymerization on top of a porous 
layer. This membrane structure has a reduced resistance for mass transport as the thickness of 
selective layer, which is usually dense depending on application, can be minimized. Asymmetric 
membranes are widely used for water separation processes. 
 
Figure 1.5 Structures of symmetric and asymmetric membranes. 
 
Asymmetric membranes are commonly used for both RO and FO. However, the design strategies 








solution is pressurized against the selective layer and the product permeate is collected at the 
other side of the membrane. While a thin dense layer is required to minimize water transport 
resistance, a thick and mechanically strong supporting layer is preferred to withstand high 
pressure operations. Studies have shown that when the RO membranes are used in FO process, 
very low water fluxes are observed [80, 107, 108]. Since low or no pressure is involved in FO 
process, there is no stringent demand on the FO membranes’ mechanical strength. The major 
concerns lie in the design strategy to maximize water flux and minimize solute reverse flux in the 
FO process. Generally, high performance FO membranes must consist of the following 
characteristics: (1) a thin, hydrophilic and highly porous supporting layer for better water 
transport and low internal concentration polarization (ICP); (2) a thin selective layer with good 
salt rejection and high water permeability; and (3) reasonable anti-fouling properties. A 
comparison of structures for FO and RO membranes is illustrated in Figure 1.6. 
 
Figure 1.6 Comparison of structures of FO and RO membranes. 
 
The ideal FO membranes ought to have high water permeability and low solute permeability. 
Both parameters are mainly determined by the thin dense selective layer as this layer is 
responsible for solute rejection and poses much higher water transport resistance than the porous 
layer. Hence, the thickness and selectivity of the selective layer become especially important. In 












resistance and increase selectivity. However, the selectivity is a relative concept which depends 
on the size and properties of the solutes involved. Depending on type of feeds and end 
applications, the requirements for FO membranes’ selectivity are different. If sodium chloride is 
involved in the process, the selective layer should resemble that of the RO membranes with a 
very low pore size (close to the free volume of the corresponding polymers) and no defects. It 
should allow rapid water passage but reject most of the sodium and chloride ions. So far, the 
materials suitable for such applications are limited. On the other hand, if only larger molecules 
are involved in the FO process, selective layer with a looser structure may be tolerable as long as 
the solutes can be effectively rejected. The materials for FO membrane’s selective layer should 
also be hydrophilic to ensure high water permeability. 
 
Due to the occurrence of ICP in the porous layer, the porous layer for FO membranes requires 
special designs to minimize the solute transport resistance. It is preferable that the porous layer 
must have a low tortuosity, high porosity and low thickness to reduce ICP. However, the porous 
layer has to have enough strength to withstand the FO operation. Hydrophilicity also plays 
curcial role in affecting ICP. When the substrate is hydrophobic, it is difficult to be wetted by 
aqueous solutions. The pores that are not wetted by water are not available for the transport of 
water and solute molecules. Therefore, the effective area for water transport is reduced. More 
severe ICP occurred and a lower water flux is observed. Studies have demonstrated that by 
increasing the hydrophilicity of the support layer, the performance of FO membranes could be 




Various membranes have been studied and developed for FO processes; they include: (1) 
asymmetric membranes with integrally-grown selective layer by phase inversion; (2) composite 
membranes and (3) biomimetic membranes. 
 
1.5.1 Asymmetric membranes with integrally-grown selective layer by phase inversion 
Asymmetric membranes with integrally-grown selective layer are formed by one-step phase 
inversion technique where the dense selective layer and porous layer are made of the same 
material. The formation of integrally skinned asymmetric membranes via non-solvent induced 
phase inversion was first demonstrated by Loeb and Sourirajan using cellulose acetate (CA) as 
the material [106]. They prepared a CA polymer solution containing acetone as the solvent and 
water and magnesium perchlorate as additives. The polymer solution was cast evenly on a glass 
plate with a controlled thickness using a doctor blade. After subjecting to evaporation in air for a 
short duration, it was then immersed in a water bath for non-solvent induced phase inversion. 
This technique is used in the manufacturing of commercially available FO membranes by the 
HTI company using cellulose triacetate (CTA) as the material on a woven support  [112]. This 
membrane achieves a superior FO performance than those standard RO membranes due to 
relatively thinner membrane thickness and more porous support structure. Following the success 
of HTI CTA FO membranes, several CA FO membranes have been developed. The invention of 
double-skinned CA FO membranes has gained much attention due to its unique double dense 
layer design which mitigates ICP and fouling phenomena. Conventional phase inversion 
membranes have dense selective skins on top of the asymmetric membranes formed via fast 
evaporation and outflow of solvent. However, the double-skinned CA membranes were 
fabricated without the solvent evaporation step [84, 85]. After the polymer solution was cast onto 
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the glass plate, it was immersed into a water coagulation bath at room temperature immediately. 
The resultant membranes has a distinct three-layer structure consisting of a top loose dense skin 
with a larger mean effective pore size, a thick fully open cell porous middle layer and a thin 
dense bottom skin which has a small mean effective pore size to reject small solutes such as 
NaCl ions. The top skin was formed due to (1) the rapid solvent evaporation during the casting as 
acetone was used as the solvent following by (2) the rapid solvent outflow to the coagulant when 
the nascent membrane was immersed into the coagulation bath. Thus the polymer concentration 
at the top skin increased rapidly and formed a relatively dense top skin. The fully porous middle 
layer was resulted from the delayed solvent and non-solvent demixing in the bulk polymer 
solution after the formation of the top dense skin. The bottom dense selective skin was formed 
via a hydrophilic-hydrophilic interaction between CA which has a high content of hydroxyl 
group and the hydrophilic glass casting substrate. During phase inversion, CA molecules near the 
bottom surface were in contact with the glass plate and due to the hydrophilicity of both CA and 
glass plate, the CA molecules would adhere on the glass surface and aggregate to form the 
bottom selective skin. With heat treatment in DI water as the post treatment, the double-skinned 
CA membranes achieved a high rejection towards NaCl ions. CA FO membranes with a double-
skinned structure have been tested and compared against single-skinned CA FO membranes 
using a colloidal feed solution containing aluminum oxide nanoparticles [84]. The former has a 
significantly lower flux reduction due to less fouling than the latter. In addition, the double-
skinned membranes have a higher water flux recovery than the single-skinned membrane upon 
backwashing. Clearly, the top loose dense layer of the double-skinned membranes can 
effectively prevent irreversible fouling caused by the trapping of fouling in the porous layer. The 
advantages of the double-skinned structure for FO applications have also been mathematically 
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proven by Tang et al. where they modeled the transport mechanism for double-skinned FO 
membranes by modifying the existing solution-diffusion model for single-skinned FO 
membranes [113]. Besides, double-skinned hollow fiber membranes have been developed using 
CA via one-step phase inversion technique to produce FO hollow fiber membranes that are less 
susceptible to ICP and fouling [114]. The dense inner selective skin was formed by using pure 
water as the bore fluid to induce instantaneous demixing. The outer skin has slightly looser pores 
by using a 50/50 wt % NMP/water coagulant to induce a slower and incomplete demixing at first 
before the nascent fiber entered the external water bath. The inner selective skin was further heat 
treated by circulating 90
oC DI water at the lumen side of the hollow fiber to improve the skin’s 
selectivity. The post heat treatment is important to tailor CA FO membranes with selective layer 
consisting of proper pore sizes. A two-step heat treatment, i.e., 60 min at 60
o
C and 20 min at 
95
o
C using a DI water bath, was found effectively to shrink the membrane’s effective mean pore 
size of CA nanofiltration hollow fiber membranes for FO processes [115]. Fundamental studies 
have revealed that heat treatment effectively increases FO water flux due to (1) the shrinkage of 
pore sizes and (2) the reduction of reverse salt flux to the feed solution which would otherwise 
lead to a drastic drop in the effective driving force. However, heat treatment at very high 
temperatures leads to a drop in water flux due to pore tightening that causes a high resistance for 
water transport. 
 
Apart from cellulose esters, polybenzimidazole (PBI) is also a popular choice of materials for 
asymmetric FO membranes. PBI offers some advantages over cellulose esters including excellent 
chemical resistance, high temperature stability and charged characteristics in aqueous 
environments. PBI nanofiltration hollow fiber membranes were used for FO in the earlier 
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research. However, this type of membranes did not have a good rejection towards monovalent 
ions such as NaCl even though the rejection towards divalent ions was high [116]. Therefore, 
cross-linking of PBI selective skin using p-xylene dichloride was carried out to enhance the 
selectivity [96]. Since pure PBI membranes are brittle and difficult to handle, dual layer hollow 
fiber membranes were then invented via coextrusion technique. A thin selective layer made of 
PBI was fabricated on a thick and porous polyethersulfone (PES) support in a one-step process 
[117]. This not only eliminated the handling problem of PBI membranes, but also significantly 
reduced the material cost. Flat sheet FO membranes made from PBI were also evaluated. Surface 
modifications were conducted to increase hydrophilicity and surface charge of PBI membranes.  
The use of 4-(chloromethyl) benzoic acid (CMBA) as activator and p-phenylene diamine, 
ethylene diamine and taurine for the functionalization of the membrane surface resulted in 
increase in hydrophilicity and membrane surface charge [118, 119]. Recently, poly (acrylamide-
co-acrylic acid) (PAcA) was also used to functionalize PBI flat sheet membranes [120]. From the 
zeta-potential tests, the functionalized PBI membranes had more charged surfaces than the virgin 
PBI membranes. The contact angles of the PBI membranes also reduced significantly after 
functionalization indicating an increase in hydrophilicity which is favorable for FO applications.   
 
In recent years, Setiawan et al. employed polyamide-imide (PAI) as the base material to fabricate 
hollow fiber membranes for FO [121]. The as-spun PAI hollow fiber membrane has an UF-like 
skin layer. Since PAI polymers can be easily crosslinked by polyethyleneimide (PEI) molecules, 
the membrane was modified to reduce the pore size of the selective layer. The degree of 
crosslinking was highly dependent on the molecular weight of PEI, PEI concentration, 
crosslinking time and temperature. The resultant membrane showed a poor rejection to NaCl, but 
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reasonably good rejections to divalent ions. To avoid the excessive crosslinking in the porous 
layer and to save the costly PAI material, PAI-PES dual layer hollow fiber membranes were 
developed [122]. Similar to the case of PBI-PES dual hollow fiber membranes, the dual-layer 
PAI-PES membrane exhibited a better water flux than the single-layer one. However, this type of 
membranes is not efficient for NaCl rejection and hence can be mainly applied to the 
applications where no NaCl is involved. The PEI-modified PAI hollow fiber membrane is 
positively charged and might induce severe fouling during applications. Therefore, a negatively 
charged polystyrene sulfonate sodium salt (PSS) was deposited on top of the PEI layer to alter its 
surface electrochemical properties [123]. Flat sheet membranes with a positively charged 
selective layer were also fabricated using the same material on a woven fabric [124]. 
 
1.5.2 Composite membranes 
Composite membranes for FO applications are usually fabricated in two steps: (1) the fabrication 
or selection of proper porous supporting membrane substrate and (2) the coating of thin selective 
layer onto the porous supports via various techniques such as dip-coating, on-site reaction and 
etc. The interactions between the selective and porous layers might involve covalent bonding, 
electrostatic interaction or van der Waals force. The major advantage of composite membranes 
over integrally asymmetric membranes with integrally grown selective layers is the freedom of 
independently control both layers to optimize the structure and maximize the performance for 
specific applications; i.e., the thickness, pore size, porosity and chemistry of each layer could be 
independently tailored. This is especially useful for FO membrane development since a fully 




So far, three types of composite membranes have been developed for FO, namely thin film 
composite (TFC), layer-by-layer (LbL) and biomimetic membranes. The TFC membrane is the 
most important and common type of composite membranes for RO. Depending on the monomers 
used, the same interfacial polymerization technology could also be applied for NF. In other 
words, the selectivity of the thin dense selective layer can be designed for different applications. 
Therefore, this type of membrane holds a great potential for the desalination, wastewater 
treatment and many other separation purposes via FO. Another type of composite membranes 
extensively studied for FO is the LbL membrane. The selective layer is formed through the 
electrostatic interaction between different polyelectrolytes. The traditional LbL membranes are 
mainly designed for ultrafiltration (UF) and NF processes, and it is also possible to fabricate LbL 
membranes for some FO processes where large molecules are involved. Usually LbL membranes 
do not have sufficient rejection towards monovalent ions such as NaCl. The biomimetic 
membranes intend to mimic the biological cell membranes to achieve high permeability and 
selectivity. Recent studies have shown their great potential for water reuse and desalination but 
their mechanical stability needs improvements for practical applications.  
 
TFC membranes fabricated via interfacial polymerization have gained considerable attention in 
the recent FO membrane development and studies. Whilst the early concept of TFC membranes 
through interfacial polymerization was reported by in the 1960s [125, 126], the major 
breakthrough on the fabrication of TFC membranes for various applications was achieved by 
Cadotte in the 1970s [127-129]. Generally, TFC membranes consist of a thin polyamide selective 
layer on top of a porous membrane support. The formation of a thin polyamide layer is attained 
via the in-situ interfacial polymerization between two monomer solutions. Generally, interfacial 
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polymerization occurs between polyfunctional amine monomers in aqueous solution, e.g. m-
phenylenediamine (MPD) monomer and polyfunctional acyl chloride, e.g. trimesoyl chloride 
(TMC) monomer dissolved in an apolar organic solvent immiscible with water, e.g. hexane. 
Because the monomers are dissolved in phases which are immiscible, the polymerization takes 
place at the interface between the two solution phases. The reaction takes place rapidly and 
subsequently leading to the formation of dense polyamide thin film layer on top of the membrane 
support. A schematic representation of an interfacial polymerization between MPD and TMC 
monomers is illustrated in Figure 1.7. The direct use of commercial TFC RO membranes in FO 
processes usually results in a relatively low water flux [130]. Therefore, many studies focus on 
the invention of TFC membranes specially tailored for FO processes.  
 
 
Figure 1.7 Interfacial polymerization of m-phenylenediamine and trimesoyl chloride. 
 
Generally, a non-solvent induced phase inversion process is used for the fabrication of porous 
supports, followed by interfacial polymerization for the formation of a thin polyamide selective 
layer. Other techniques such as electrospun nanofiber TFC membrane supports have also been 
investigated. Early works on TFC FO membranes used relatively hydrophobic materials such as 
MPD in water 




polysulfone (Psf) and polyethersulfone (PES) for the fabrication of porous membrane supports 
with finger-like macrovoids via the non-solvent phase inversion [131-133]. The water flux 
performance significantly exceeded that of the conventional asymmetric membranes with 
integrally grown selective layer with no little or no trade-off in the salt rejection performance. 
However, it was later found that hydrophilic and macrovoid-free porous supports are much more 
preferable for the fabrication of TFC FO membranes as they yield higher FO performance. 
Typically, TFC membranes made of hydrophilic porous supports not only show reduced ICP 
effects but also have a very high water flux. Wang KY et al. modified physicochemical 
properties of TFC supports by blending a hydrophilic sulphonated polysulfone (SPSf) with a 
conventional polyethersulfone (PES), and then carried out the thin-film polymerization on top of 
the as-cast support. The resultant membranes exhibited a high flux up to 47.5 LMH in the PRO 
mode with a low salt leakage of 1.24 gMH using 2 M NaCl as a draw solution [110]. A new 
approach to fabricate high performance TFC FO membranes using sulfonated materials for the 
membrane supports was demonstrated by Widjojo et al. and Zhong et al. [109, 134, 135]. Not 
only did their membranes show a fully sponge-like structure and likely anti-fouling 
characteristics but also attain superior water ﬂuxes and low salt reverse fluxes. From their results, 
the membrane’s structural parameter was remarkably reduced with an increasing sulphonation 
degree or content in the membrane support, thus minimizing the internal concentration 
polarization (ICP). Subsequently, sulphonated poly(ether ketone) (SPEK) membrane support for 
TFC FO membranes also showed comparable FO performance [136]. The feasibility of using a 
new hydrophilic cellulose acetate propionate (CAP) as a porous support for the fabrication of 
TFC FO membranes was explored by Li X et al. [137]. It was found that hydrophilic CAP 
membrane supports with macrovoid-free and sponge-like structure could result in the formation 
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of a good thin film layer for FO which is consistent with the previous studies mentioned above. 
Recently, other derivatives of cellulose-based polymers such as cellulose triacetate [138], 
acetylated cellulose ether (ACE) [139] have been investigated as supporting materials for the 
TFC membrane fabrication. Since the polydopamine (PDA) coating on the PSf support layer can 
alter its physicochemical and hydrophilic properties and remarkably enhance the water flux by 
eight to fifteen folds in comparison with the uncoated membranes [108], a similar approach was 
conducted on the PSf support before interfacial polymerization for the fabrication of FO 
membranes. The resultant TFC FO membranes showed significant improvements in both water 
flux and salt rejection [111]. Sukitpaneenit and Chung proposed a new approach to fabricate high 
performance TFC FO hollow fiber membranes [140]. The macrovoid-free and highly porous 
sponge-like PES hollow fiber substrate was fabricated using a dual-layer co-extrusion 
technology to design and effectively control the phase inversion during membrane formation, 
while a selective TFC layer was formed by interfacial polymerization. The developed 
membranes displayed relatively high water fluxes of 32-34 LMH and up to 57-65 LMH against a 
pure water feed using 2 M NaCl as the draw solution tested under the FO and PRO modes, 
respectively, while consistently maintaining relatively low salt leakages below 13 gMH for all 
membranes. With model seawater solution (3.5 wt% NaCl) as the feed, the membranes could 
attain a water flux up to 15-18 LMH, which is reasonably comparable with the best value 
reported among investigated TFC FO membranes. It is worth to note that so far most of TFC 
hollow fiber membranes for FO applications have been specifically designed with a thin film 
layer at the lumen side of the membranes. So far, there is only one literature available on the 
fabrication of TFC hollow fiber membrane with outer thin film layer using vacuum assisted 
interfacial polymerization fabricated for PRO process [141]. However, the performance clearly 
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falls short comparing to the TFC hollow fiber membranes with thin film layer at the lumen side. 
There is still big room and more challenges to develop novel TFC hollow fiber membranes with 
desirable morphology and performance for FO applications. Nanospinning technology for the 
fabrication of highly porous and tortuous membrane supports for TFC FO membranes have also 
been studied. As demonstrated through Bui et al. [142, 143], TFC membranes fabricated on the 
electrospun nanofiber on nonwoven support exhibited relatively high water fluxes and 
reasonable low salt fluxes which are attributed to the superior porosity and pore interconnectivity 
of the membrane supports. The best membrane produced water ﬂuxes two to ﬁve times higher 
than the commercial HTI-CTA FO membrane. Song et al. prepared the same type of polymeric 
nanofiber supports using similar manners and found a very small difference between PRO and 
FO performance, indicating a remarkable reduction in ICP [144]. Such encouraging performance 
is mainly attributed to the unique scaffold-like porous structure and highly interconnected pores 
of the electrospun nanofiber membrane supports. 
 
Another type of composite membrane, named layer-by-layer (LbL) membrane, has also been 
developed for FO applications. The LbL membranes are made by the self-assembly of polymers 
onto porous membrane supports. The assembly is based on the interactions between the 
functional groups of polymer layers. The interactions between the nano-scale grafted layers can 
be a hydrophobic attraction [145], a covalent bonding [146]or an electrostatic force [147]. 
Among them, the electrostatic force between highly charged polymer layers is the most 
commonly used method for LbL membranes due to its simplicity and non-toxicity. In the typical 
LbL fabrication process, polymer multilayers are normally assembled onto a charged UF/NF 
membrane by the sequential adsorption of polyanions and polycations via dip-coating, spin-
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coating, or spraying methods with the aid of electrostatic interaction. Dip-coating is the 
traditional method but it is the most time-consuming technique among the three mentioned 
techniques.  Therefore, spraying and spin-coating methods have been investigated recently to 
reduce the coating time from up to 30 min in dip-coating method to only few seconds in 
spraying/spin-coating methods. The commonly adopted polyanions and polycations are shown in 
Table 1.1. The permeability and solute rejection properties of LbL membranes can be controlled 
by varying the layer deposition time, the pH of the polyelectrolyte solutions or the ionic strength 
of the polyelectrolyte solution [147]. In addition, the number of the grafted polymer layers also 
affects the performance of LbL membranes due to the increase in the LbL thickness and the 
decrease in the defect as more layers are deposited.  
 
Table 1.1 A list of common polyelectrolytes employed for LbL membrane fabrication. 
Polycation Polyanion 
Poly(ethyleneimine) (PEI) Poly(sodium styrene sulfonate) PSS 








The first few generations of LbL FO membranes showed reasonably good rejections to MgCl2 
with high water fluxes up to 100 LMH using a 2 M MgCl2 as the draw solution [148-152]. 
However, the LbL membranes have poor rejection towards monovalent ions such as NaCl. 
Recently, Duong et al. employed additional crosslink of the polyelectrolyte layers and produced 
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FO membranes with a relatively better rejection to NaCl [152]. Figure 1.8 displays the scheme of 
a LbL FO membrane prepared from the multiple deposition of polyelectrolyte. 
 
 
Figure 1.8 Scheme of the deposition of 2 bilayers of polyelectrolytes onto a porous support.  
 
The biological membranes in the cells are characterized by their high permeability and exquisite 
selectivity towards water and different solutes, such as renal tubules, red cells and secretory 
glands. The high water permeability and selectivity of these membranes are resulted from the 
presence of the transmembrane proteins known as Aquaporins (AQPs). Biomimetic membranes 
aim to achieve similar outstanding performance for practical use by mimicking the nature. Early 
efforts involved the design of black lipid membranes, vesicles and solid-supported lipid/block 
copolymer membranes. In a solid-supported biomimetic membrane design, a biomimetic lipid 
membrane is coated on the surface of a commercial nanofiltration membrane and therefore the 
lipid bilayer becomes robust enough to withstand high pressures [153]. A big challenge for the 
fabrication of biomimetic membranes is the incorporation of aquaporin. The first essential step is 
to form Aquaporin-incorporated vesicles. Four different techniques have been used, including 
organic solvent-mediated incorporation, mechanical means, directly incorporation into 
preformed vesicles and detergent-mediated reconstitution [154]. The most successful and 
frequently used method is the detergent-mediated method. After Aquaporin-incorporated vesicles 




are prepared, the supported lipid/block copolymer layer can be formed by a spontaneous 
deposition of vesicles on a solid support. A general principle is that a sufficiently large 
deformation of vesicle will induce vesicle rupture and transform onto a flat bilayer disk. The 
bilayer disk may induce other adsorbed vesicle to rupture and to form bigger patches [155]. 
These rupture events are governed by the interaction between the membrane and the support as 
well as intra-membrane interactions. Specifically, these interactions are dependent on the nature 
of the vesicle (charge property, chemical composition and size), the surface characteristics of the 
solid support (surface chemical property and roughness) and the aqueous environment (ionic 
strength and pH). It is worth to mention that the block copolymers are more mechanically stable 
than lipids [156]. Hence, it requires a stronger interfacial interaction for a polymer vesicle 
rupture to occur, such as electrostatic interaction and covalent bonding [157, 158]. The major 
concerns in the fabrication of biomimetic membrane are to mitigate the insufficient mechanical 
stability as well as eliminate defects between selective layer and substrate while avoiding the 
damage of the functionality of Aquaporins. Several designs have been explored by researchers. 
For example, pore-suspending membranes have been established across multiple micron-sized 
apertures either as free-standing lipid or polymer membranes [159-162] or as hydrogel- 
ecapsulated/supported lipid or polymer membranes [163]. Another approach is to deposit and 
rupture vesicles on nanoporous supports, such as rupture and cross-link of aquaporin-containing 
polymersomes on methacrylate-functionalized cellulose acetate membranes [164]; charged lipid 
vesicle depositions on negatively charged nanofiltration membranes at pH 7 [153, 165]; rupture 
and cross-link of polymersome on the acrylate groups functionalized polycarbonate track-etched 
substrates [166]. The biomimetic membranes based on rupture and cross-link of polymersome on 
the acrylate groups functionalized polycarbonate track-etched substrates achieved an FO water 
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flux of about 140 LMH with only 6.2 gMH salt reverse flux at PRO mode. Most of these 
structures are not stable enough for industrial application. In recent years, a novel robust 
biomimetic membrane structure has been developed. The core technology of this design is to 
coat or to embed aquaporin-containing proteoliposomes or proteopolymersome in a crosslinked 
polyamide matrix [167-169]. 
 
1.6 Cellulose Esters 
Cellulose is a naturally occurring polymer consisting linear macromolecular chain of 1-4-linked 
β-D-gluccopyranose [170]. It is the most abundant organic compound on earth and can be 
harvested from cotton which contains more than 94% cellulose, flax, hemp, sisal, wood and etc. 
Cellulose is best known as the basic material for the production of paper owing to its unique 
properties as cellulose fibers are high in strength, flexibility and durability. Cellulose is also a 
highly hygroscopic material but shows no loss in strength even in wet state. One of the best 
known and oldest cellulose esters derived from cellulose is probably cellulose acetate apart from 
cellulose nitrate. Cellulose acetate was first prepared by a French chemist Paul Schutzenberger in 
1865 via acetylation of cellulose with acetic anhydride. However, it is only until 1894 when 
Charles Frederick Cross and Edward John Bevan patented the first cellulose acetate industrial 
production process. In year 1903, George Miles succeeded in dissolving cellulose acetate in 
acetone by partially hydrolyzing it and this makes cellulose acetate more versatile in terms of 
processability [171]. Cellulose acetate has been a very common polymeric material in the 
industry for various applications such as textiles and fibres, spectacle frames, handles for tools, 
wound dressings, absorbent, filters and membranes. Other cellulose esters like cellulose acetate 
propionate, cellulose acetate butyrate have also been industrialized by companies such as 





Figure 1.9 Chemical structure of an repeating unit of cellulose triacetate 
 
Cellulose esters are derived from cellulose by substituting the hydrogen at the hydroxyl side 
group to the ester functional groups. There are three available sites for functional group 
substitution on each cellulose repeating unit. Taking cellulose triacetate (CTA) where all 3 
hydroxyl groups are substituted by acetyl group as an example, its structure can be represented in 
Figure 1.9. Similarly, cellulose acetate propionate (CAP) and cellulose acetate butyrate (CAB) 
are derived by substituting the hydrogen in the hydroxyl group by propionyl and butyryl groups 
at different degree of substitution. The ester functional groups commonly found in cellulose 





Figure 1.10 Acetyl, propionyl and butyryl functional groups 




General chemical properties for cellulose acetate (CA) are hydrophilic and good wettability, with 
good liquid transport and excellent absorption. For cellulose acetate which contains propionyl or 
butyryl groups, the chemical properties change slightly as compared to pure cellulose acetate. 
According to literature, generally as butyryl content increases the solubility and flexibility 
increases and it becomes more resistance to water which indicates a drop in hydrophilicity [172]. 
It is commonly known that virgin cellulose has the highest hydrophilicity while the 
hydrophilicity of cellulose esters drops as the chain length of the substituted group increases. 
Besides, as the degree of substitution of these fatty acid side group increases, the hydrophilicity 
decreases due to the loss in hydroxyl groups. This is shown in the study of properties of cellulose 
esters of acetic, propionic and butyric acids by Malm et al. where CTA (fully acetyl substituted 
cellulose) exhibits the best moisture resistance among the acetates, and propionic and butyric 
esters are superior to acetate in terms of moisture resistance when fully esterified [173]. 
 
Among all available polymers in the market, cellulose ester polymers, especially CA, have 
received the most attention as FO membrane materials due to vast availability, low costs, 
hydrophilicity, ease of fabrication and also chlorine resistance. Cellulose esters are green 
polymers as they are easily derived from esterification of cellulose with acetic acid, a commonly 
found natural organic compound. The Hydration Technology Innovations, HTI was the first to 
develop and manufacture CTA-based FO membranes with woven supports in the open market 
[112]. The woven support is relatively porous and the membrane has an asymmetric structure 
formed via phase inversion. This membrane achieves a superior FO performance than those 
standard RO membranes due to relatively thinner membrane thickness and more porous support 
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structure. Following the success of HTI CTA FO membranes, many CA FO membranes have 
been developed. The most widely explored cellulose ester is CA which has an acetyl content of 
less than 40 wt% and has high hydrophilicity. Its inherent free volumes in dry and wet states and 
water transport properties have been studied for in depth for both RO and FO [174]. 
 
1.7 Mass Transport in Forward Osmosis 
There are three major components involved in FO process; namely, (1) a draw solution with high 
osmotic pressure, (2) a feed solution possessing a lower osmotic pressure and (3) a semi-
permeable membrane working as a barrier between the two solutions. Due to the osmotic 
pressure difference between the draw and feed solutions, water transports across the membrane 
naturally from the feed to the draw solution as described by the following equation: 
mw AJ                                                                        (1) 
where Jw is the water flux, A is the water permeability of the membrane, Δπm is the effective 
osmotic pressure difference across the membrane (πD,m – πF,m) and σ is the reflection coefficient 
of the membrane. For a perfectly semi-permeable membrane, σ is equals to 1, the equation 
therefore becomes: 
mw AJ                                                                       (2) 
If the membrane is not perfectly semi-permeable, there is a solute reverse flux Js from the draw 
solution to the feed due to the concentration gradient across the membrane.  Js can be calculated 
using eq. (3): 
 mFmDs CCBJ ,,            (3) 
where B is the salt permeability, CD,m and CF,m are the salt concentrations on the surfaces of the 
selective layer in the draw and feed sides, respectively. By assuming that the osmotic pressure of 
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the solutions obeys the van’t Hoff Equation, the solute reverse flux can then be expressed as a 
function of Jw using van’t Hoff factor i [84, 85]: 
iRTA
BJ
J ws             (4) 
As most membranes for FO processes are asymmetric, there exist two different operating modes 
in FO as discussed in previous chapter. The pressure retarded osmosis (PRO) mode refers to the 
membrane orientation where the active layer is facing towards the draw solution and the porous 
support layer is facing against the feed, while the FO mode refers to the reversed orientation. 
Due to the occurrence of concentration polarization, the effective driving force (effective 
osmotic pressure difference) is always lower than the driving force provided by the bulk draw 
solution. The detailed schematic diagram can be found in Figure 1.4. 
 
1.7.1 External concentration polarization 
Dilutive external concentration polarization (ECP) occurs when the draw solution is placed 
against the selective layer in the PRO mode. At steady state, the permeate water flows from the 
feed side and dilutes the solute concentration on the surface of the active layer. The osmotic 










bDmD exp,,            (5) 
The solution concentration on the membrane surface is not only related to the bulk osmotic 
pressure of the draw solution, πD,b, the mass transfer coefficient, k, but also strongly depends on 
the permeate water flux, Jw. An increase in permeate water flux would cause an exponential 




On the contrary, when the feed solution is facing against the selective layer in the FO mode, the 
concentrative ECP would happen which results in an increase in osmotic pressure at the 










bFmF exp,,            (6) 
where πF,b is the bulk feed osmotic pressure.  
 
The concentrative ECP reduces the effective driving force across the membrane and decreases 
the water flux. The degree of ECP is characterized by the mass transfer coefficient k in the flow 
chamber of the membrane unit. Based on the film theory, k is determined by the physicochemical 
properties of the solute solution, the flow velocity and the chamber dimensions [81]. Eq. (5) 
describes the mass transfer coefficient with relations to solute diffusion coefficient Ds, hydraulic 





k             (5) 
Depending on whether the solution is a laminar or turbulent flow, the Sherwood number in a 











ScSh h      (Laminar flow)  (6) 
33.075.0Re04.0 ScSh        (Turbulent flow)  (7)              




From the equation, it can be seen that the negative effects of ECP on water flux can be mitigated 
by altering the operating parameters to enhance mass transfer coefficient, e.g., increasing the 
input solution velocity and decreasing the hydraulic diameter of the chamber.  
 
1.7.2 Internal concentration polarization 
Typical FO membranes consist of a thin semi-permeable layer to reject undesirable solutes and a 
thick porous layer to provide the mechanical support. Ideally, the semi-permeable layer 
determines the selectivity and water permeability of the membranes. Therefore, the effective 
force to drive the water across the membrane is πD,m – πF,m, which is the osmotic pressure 
difference between both surfaces of the active layer. However, the solute concentration within 
the support layer is usually different from that of the bulk solution. In the PRO mode where the 
feed solution is facing the supporting layer, the feed solute is dragged into the supporting layer 
and left beneath the dense layer when water is permeating through the membrane. As a result, the 
solute concentration beneath the dense layer is higher than that in the bulk feed. Meanwhile, the 
non-uniform solute concentration within the support layer also causes solute diffusion along its 
concentration gradient. In other words, the solute reverse flux within the support layer is 
contributed by two components: solute diffusion due to concentration gradient and convective 








         (8) 
here ε is the porosity of the support layer and τ is the tortuosity.  At steady state, the solute 
reverse flux across the imperfectly semi-permeable dense layer should be equal to the solute 
reverse flux within the supporting layer. In other words, eq. (3) and eq. (8) are equal as follows: 
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,,        (9) 
 
In the FO mode, a similar phenomenon is observed but the solute concentration on the inner 
surface of the active layer is diluted because of water inflow from the feed. The boundary 
conditions of eq. (9) include the bulk solute concentration on the outer surface of the support 
layer (x = 0) and the solute concentration on the inner surface of the active layer (x = χ), as 
shown in eq. (10) and eq. (11), respectively. The symbols χ refers to the thickness of the support 
layer. 
  bFCxC ,  at x = 0         (10) 
  mFCxC ,  at x = χ         (11) 
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       (13) 
Thus the unknown concentration CF,m can be expressed in terms of the known bulk conditions: 












      (14) 




K              (15) 
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S is the structural parameter of the support layer which is related to the layer’s tortuosity, 
thickness and porosity: 


S            (16) 














        (17) 
Assuming a linear relationship between solute concentration and osmotic pressure, the 

















         (18) 
Eq. (18) shows how the water flux is affected by the retarded solute diffusion in the supporting 
layer. A large K indicates a serious resistance of solute diffusion within the support layer, can 
cause a dramatic reduction in water flux. This phenomenon is named as the internal 
concentration polarization (ICP). Since K is only related to the diffusion coefficients of the 
solutes and the porous structure within the supporting layer, it is difficult to reduce ICP by 
manipulating the flow conditions in FO processes. The design of FO membranes with a proper 
structure; namely, membranes with a fully porous, low tortuosity, thin but still mechanically 
stable supporting layer become especially important. 
 





















1.7.3 Solute reverse flux 
Due to the imperfection of FO membranes, solutes diffuse from the draw solution to the feed. 
Eqs. (2) and (3) provide the simplified equations to quantify the solute reverse flux. Eq. (2) 
reveals that the root for the reverse diffusion of solutes is the salt permeability across the active 
layer and eq. (3) indicates that the salt reverse flux is proportional to the water flux. Therefore, if 
water and salt permeability are known, the solute reverse flux can be simply calculated from the 
water flux.  
 
The solute reverse flux contaminates the feed solution. Its accumulation in the feed solution 
would ultimately enhance the feed osmotic pressure and reduces water flux. In addition, its 
accumulation in the supporting layer reduces the effective osmotic driving force across the 
membranes. Rearrangement of eq. (18) gives a direct expression of the B effect on water flux in 
the PRO mode: 
    BKJKJAAJ wwbFmDw 1expexp,,         (20) 
For asymmetric membranes, exp(JwK) > 1, so the term (exp(JwK)-1)B works as a negative factor 
for water flux. The 2
nd
 term of eq. (20) denotes the effect of the feed solute built up because of 
water outflow to the draw solution and the diffusion resistance within the support layer, while the 
3
rd
 term denotes the effect of reverse salt flux across the dense layer which enhances the osmotic 
pressure of the feed solution on the inner surface of the dense layer.  Consequently, the water 
flux is decreased. Only if ICP is eliminated (K = 0), the solute permeability term becomes zero.  
 
1.8 Research Objectives and Thesis Organization 
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The main objective of this research is to study the science and engineering of developing forward 
osmosis membranes using cellulose esters due to its economical viability and vast availability. 
The research was carried out using a wide range of cellulose esters with varying functional group 
contents through: (1) detailed study of formation of phase inversed cellulose ester membranes; 
(2) investigation of water and salt transport properties of cellulose esters and their relationship 
with the functional group content; and (3) study of the use of hydrophilic cellulose ester for high 
performance thin film composite membranes for forward osmosis.  
 
Cellulose esters have been widely studied and used in the membrane industry. However, no 
detailed studies have been made to optimize the cellulose ester functional group content for 
forward osmosis membranes. Besides, detailed studies on the effects of functional group content 
to the intrinsic water and salt transport and free volume properties are also limited. Furthermore, 
there has been a recent surge in effort for finding a cheap and suitable material for the fabrication 
of porous membrane support for TFC-FO membranes. The goals of this work are to carefully 
investigate the optimum functional group content of cellulose esters for forward osmosis 
applications using the conventional phase inversion technique, relating the functional group 
content to the fundamental transport and free volume properties of cellulose ester and to develop 
high performance TFC FO membranes using cellulose ester with desired characteristics 
including high hydrophilicity, high porosity and macrovoid-free structure. 
 
This thesis is structured into six chapters. Chapter One provides an overview of osmotic 
processes especially forward osmosis. The literature review of current challenges and future 
development of forward osmosis and membranes for forward osmosis is presented. In addition, 
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an introduction to cellulose esters and also the mass transport of forward osmosis are included in 
this chapter. The research objectives and outline of this dissertation are also presented. 
 
Chapter Two discusses the use of cellulose triacetate for the fabrication of asymmetric forward 
osmosis membranes since the commercial forward osmosis membranes are made from cellulose 
triacetate. The phase inversion process and formation mechanism of the membranes were 
investigated using different casting conditions. The detailed formation of the cellulose triacetate 
membranes were studied with the aid of positron annihilation spectroscopy and molecular 
simulations. 
 
In Chapter Three, a series of newly synthesized cellulose esters were evaluated for their potential 
as novel forward osmosis membrane materials. The cellulose esters were synthesized according 
to a design strategy to include cellulose esters ranging from low to high hydrophilicity. Optimum 
functional group content in cellulose ester was determined from the preliminary investigation 
presented in this chapter. 
 
Chapter Four further expands the work from Chapter Three where the synthesized cellulose 
esters were evaluated for their fundamental water and salt transport properties including salt and 
water partitioning, salt and water permeability.  In addition, the dry and wet state free volume of 
the cellulose esters were also evaluated using the bulk positron annihilation lifetime spectroscopy. 
These fundamental properties were then carefully correlated with their functional group 
properties and contents. This chapter provides and insight into the potential of cellulose esters as 




Chapter Five presents the study on the use of highly permeable and hydrophilic cellulose ester as 
the porous membrane support for the construction of TFC-FO membranes via interfacial 
polymerization. The hydrophilic cellulose ester clearly surpasses the hydrophobic cellulose ester 
as a candidate for the membrane support for TFC-FO membranes. The membranes demonstrated 
a remarkable forward osmosis performance when operated at PRO mode. 
 
Chapter Six presents an overall conclusion of the use of cellulose esters as materials for 







 Chapter 2 Formation of Cellulose Triacetate Forward Osmosis Membranes 
 
2.1 Introduction 
The major hurdle for the FO process to be applied on a large scale in the industry lies in the 
membrane limitations where the most serious problem are the occurrence of internal 
concentration polarization (ICP) within the porous sublayer of membrane. The ICP significantly 
reduces the driving force for the water transport, leading to a huge reduction in water flux from 
the theoretically achievable value. Apart from the conventional Loeb-Sourirajan single-layer 
asymmetric membrane [175], novel asymmetric membranes with double dense and thin skins on 
each surface of the membrane were invented [84]. Both experimental and theoretical works have 
confirmed that this unique structure can reduce fouling and suppress ICP while maintaining good 
rejection and water flux performance [84, 151]. Besides, polyamide-based thin film composite 
(TFC) hollow fiber and flat-sheet membranes for FO have also been developed with high fluxes 
[85, 110, 131, 132]. In order for FO to be able to operate in large scale, a feasible draw solution 
is also essential apart from having membranes with good FO performance [38, 69, 92, 100, 101, 
176]. Previously, ammonium bicarbonate was proposed by a group of scientists due to the ease 
of water regeneration from the draw solution by simply heating and vaporizing the draw solutes 
away at a low temperature of 60 C [177-179]. Recently, novel draw solutes such as water-
soluble magnetic nanoparticles, super hydrophilic nanoparticles and organic compounds have 
been invented which can be easily regenerated by several means that require low energy 
consumption such as ultrafiltration (UF) or by simply applying a magnetic field for separation 
[38, 100-101]. These advances have pushed the feasibility and the realization of the 
industrialization of FO for water purification and production to a higher level.  
48 
 
The current only available commercial FO membranes are developed by HTI (Hydration 
Technologies Inc., OR) using cellulose triacetate (CTA) as the membrane material [112]. CTA 
and polyamide-based TFC membranes are widely used for commercial RO processes due to their 
high hydrophilicity which favors water transport. However, polyamide-based TFC RO 
membranes usually have a higher flux and rejection than the CTA membranes [180], whereas 
CTA membranes have superior resistance towards chlorine comparing to the polyamide-based 
TFC membranes which are weak against chlorine attack. Comparing CTA with cellulose acetate 
(CA), CTA is not as prone to biodegradation and hydrolysis as CA. These unique advantages 
make CTA a good candidate as a FO membrane material.  
 
To the best of our knowledge, there is no publication on CTA membrane fabrication for FO 
applications except the HTI patent [112]. Some possible reasons could be the extremely limited 
choice of solvents for the processing of this material and the difficulties in manipulating 
membrane morphology during the phase inversion. Therefore, the objectives of this part of the 
work are not aiming at developing high-flux CTA FO membranes but to study the fundamental 
science and engineering on the fabrication of CTA FO membranes by using different solvent 
systems and advanced characterization tools. It is believed that this study may provide useful 




Cellulose triacetate (CA-436-80S, acetyl content 43.6%, hydroxyl content 0.82%) was kindly 
supplied by Eastman Chemical Company, USA. The polymer was dried at 120
o
C under vacuum 
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overnight prior to use. Acetone (≥99.5%), N-methyl-2-pyrrolidone (NMP, ≥99.5%), 1,4-dioxane 
(dioxane, ≥99.5%), acetic acid (100%) and sodium chloride (NaCl, 99.5%), polyethylene glycol 
400 (PEG 400, ≥99%),  PEG 1000 (≥99%), PEG 2000 (≥99.5%) and PEG 4000 (≥99.5%) were 
purchased from Merck, Germany. Ethylene glycol (EG, 99%), diethylene glycol (DEG, 99%) 
and triethylene glycol (TEG, 99%) were purchased from Alfa Aesar, Singapore. Glycerol 
(≥99,5%) and glucose (99.5%) were purchased from Sigma-Aldrich, Singapore. All solvents 
were AR (analytical reagents) grade and were used directly without further purification. The 
deionized (DI) water used in experiments was produced by a Milli-Q unit (Millipore, USA) at a 
resistivity of 18 MΩ cm. 
 
2.2.2 Membrane fabrication 
In the HTI patent, CTA flat-sheet membranes were fabricated from polymer concentrations of 
approximately 14 wt% in most examples of casting solution mixtures [112]. Since this 
concentration is greater than the critical concentration determined by the viscosity vs. 
concentration relationship to produce membranes with much less defects for applications 
following the solution-diffusion mechanism, we adopted this concentration to prepare 
homogeneous CTA polymer solutions in different solvent systems. The compositions of casting 
solutions used in this study are shown below: 
(i) CTA (14 wt%), NMP (71 wt%), acetone (15 wt%)  
(ii) CTA (14 wt%), dioxane (71 wt%), acetone (15 wt%) 




For the fabrication of asymmetric CTA membrane, a thin layer of CTA polymer solution was 
spread evenly on a smooth and hydrophilic glass plate using a 50µm casting knife and then 
immersed in a tap water coagulant bath at room temperature for phase separation to occur. Prior 
to each membrane casting, the glass plate was cleaned thoroughly under running tap water, 
wiped dry and wiped with acetone, and dried before use. The instantaneous demixing of solvent 
and non-solvent at the membrane surface results in the formation of a dense selective layer. Due 
to the formation of dense selective layer, delayed demixing occurs at the bottom layer causing 
the formation of thick and porous layer. The as-cast membrane was gently peeled off the glass 
plate and then soaked in a tap water bath at room temperature overnight to remove residual 
solvent before testing. Some of these CTA membranes were annealed in DI water at 85
o
C for 5 
minutes to improve their salt rejection properties. 
 
The membrane samples for the morphological study by a field emission scanning electron 
microscope (FESEM) and positron annihilation spectroscopy (PAS) were freeze-dried in a freeze 
dryer (ModulyoD, Thermo Electron Corporation, USA). To obtain clear pictures of the cross 
sectional morphology under FESEM, the freeze-dried membranes were fractured in liquid 
nitrogen. Samples were coated with platinum using a Jeol JFC-1100E ion sputtering device prior 
to observation under FESEM (FESEM, JEOL JSM-6700). 
 
2.2.3 Positron annihilation lifetime spectroscopy (PALS) 
The annealed membranes were studied under Doppler broadening energy spectra (DBES) using 
PAS after being freeze-dried. Both top and bottom surfaces of the membranes’ depth profiles of 
free volume were investigated. The DBES spectra were recorded using an HP Ge detector at a 
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counting rate of approximately 2800cps, and the total number of counts collected for each 
spectrum was 1 million. The DBES spectra were characterized by both S and R parameters 
measured as a function of positron incident energy ranging from 100eV to 30keV. The 
penetration depth can be calculated from the positron incident energy E+ (keV) using the 
following equation: 




    (1)  
where Z is the depth in nm,   is the density of the polymer material in g/cm3 [181-182]. 
 
The S parameter gives information on the free volume depth profile in polymeric materials 
where the R parameter corresponds to the relative amount of large cavities (nm to µm) with 
respect to depth profile [181-188]. The VEPFIT program was used to analyze the S and R 
parameters using a three-layer model. The best-fit curves were obtained from the program and 
the characterizations were repeated at least twice to ensure accuracy. 
 
2.2.4 Molecular simulations by Material Studio 
Material Studio 4.3 from Accelrys was used for molecular dynamics simulations. CTA polymer 
chains with 30 repeating units were constructed using an isotactic polymer configuration with 
random torsion and head-to-tail orientation. Energy minimization of polymer chains was 
performed prior to the construction of amorphous cells. 
 
Amorphous cells of CTA in different solvent systems were constructed using a polymer 
consistent force field. One CTA polymer chain is simulated together with solvent molecules in 
the exact composition for each amorphous cell constructed. Both the constructed amorphous 
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cells consist of CTA/NMP/Acetone and CTA/Dioxane/Acetone in the weight ratio of 14:71:15. 
The amorphous cells were then subjected to fine convergence with maximum iterations of 
10,000 followed by a molecular dynamics simulation by the Discover module. An equilibrium 
stage temperature of 298K and equilibrium time of 5.0ps were used. Isothermal – isobaric (NPT) 
ensemble was used for the simulation. A total of 100,000 steps with a step time of 1.0fs and a 
dynamic time of 100ps were employed. The radius of gyration of the CTA polymer chain for 
each amorphous cell was then determined using the Analysis function of the amorphous cell 
module. 
 
2.2.5 Fourier transform infrared spectroscopy (FTIR) analysis 
The solvent interactions between dioxane and acetic acid were analyzed by a Bio-Rad FTIR FTS 
135 over the range of 500-4000cm
-1
 in the attenuated total reflectance (ATR) mode. Pure 
dioxane and pure acetic acid were first analyzed under FTIR. A dioxane/acetic acid mixture with 
weight ratio of 9:1 which is similar to the solvent composition used in this study was then 
subjected to the FTIR analysis. For a clearer observation on the interactions between dioxane and 
acetic acid, a dioxane/acetic acid mixture with weight ratio of 1:1 was also analyzed under FTIR. 
The number of scans for each sample was 16. 
 
2.2.6 Mean pore size and pore size distribution 
Mean pore size and pore size distribution of the annealed CTA membranes were determined via 
the solute rejection experiments under a pressure of 10 bar with the bottom layer facing the feed 
solution. The relationship between Stokes radius, rs (nm) and molecular weight (MW, g/mol) of 
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neutral small solutes is represented by Eq. (2) [189], whereas the Stokes radius of PEG at 
different molecular weight is represented by Eq. (3) [190]: 
                         (2) 
                         (3) 
PEG at different molecular weights were used to characterize the mean pore size and pore size 
distribution for the CTA/NMP/Acetone membrane as it has larger pore sizes. Smaller molecules 
such as EG, DEG, TEG, glycerol and glucose were used to characterize CTA/Dioxane/Acetone 
and CTA/Dioxane/Acetone/Acetic Acid membranes. Pore size characterization methods 
described in ref. [189-190] were employed to obtain the rejection data of the membranes against 
the solutes at 10 bar. Solute rejections (Rs) were plotted against the solute diameter dp 
( ) on a log-normal probability plot, a straight line is obtained and the mean effective 
pore size μp can be found at Rs = 50%, and the geometric standard deviation σp was calculated 
from the ratio of dp at Rs = 84.13% and 50%. The pore size distribution can be expressed by the 
probability density function given in Eq. (4). 
 
























2.2.7 Forward osmosis tests and salt rejection tests 
A dead-end filtration cell was used to test for the membranes’ salt rejection. The salt rejection 
measurements were conducted at a trans-membrane pressure of 10 bar. NaCl solutions at 
200ppm were used as the feed for salt rejection measurements. The NaCl concentrations were 



















R  (5) 
FO experiments were conducted using a lab-scale setup which allows the draw solution and feed 
solution to flow counter-currently on each side of the membrane in a membrane module. A plate-
and-frame membrane module with a rectangular channel of the dimensions 8.0cm in length, 
2.0cm in width and 0.2cm in height on both sides of the membrane was used in the FO 
experiments. Volumetric flow rates for both feed and draw solutions were 0.3L/min. NaCl 
solutions at various concentrations were used as the model draw solutions where DI water and 
3.5wt% NaCl solution (model seawater) were used as the feed. The experiments were conducted 
under room temperature maintained at 22±1 
o




, abbreviated as 
LMH) was determined from the change of volume of either feed or draw solution and can be 








  (6) 
where ∆V (L) is the volume of water permeated across the membrane from feed to draw solution 
in a predetermined time interval ∆t (h) during the FO experiments and Aeff is the effective 




When DI water is used as the feed, the reverse salt flux from the draw solution occurred can be 
determined by measuring the conductivity of feed using a conductivity meter (Schott, LAB960E, 
UK) during the FO experiments. The salt concentration can be calculated from the conductivity 
















  (7) 
where Ct and Vt are the salt concentration and the volume of feed solution at the end of the 
predetermined experiment duration, respectively. 
 
The dilution of draw solution was negligible as the ratio of total water permeation to the volume 
of the draw solution was less than 2%. The membranes were tested under two orientations; in the 
Top-DS mode, the top layer was oriented towards the draw solution and the bottom layer was 
facing the feed solution. While in the Bottom-DS mode, the bottom layer was oriented towards 
the draw solution and the top layer was facing the feed solution. If the bottom layer is the main 
dense-selective layer, then the Top-DS mode is a conventional FO (forward osmosis) mode and 
the Bottom-DS mode is a PRO (pressure retarded osmosis) mode. 
 
2.3 Results and Discussion 
2.3.1 Morphology of CTA membranes 
The fabricated CTA membranes have a thickness of 20 – 30µm. Figure 2.1, 2.2 and 2.3 show the 
pristine membrane morphology observed under FESEM for CTA membranes cast from 






Figure 2.1 Morphology of the FO membrane cast from CTA/NMP/Acetone dope composition 
 
 
Figure 2.2 Morphology of the FO membrane cast from CTA/Dioxane/Acetone dope composition 
 
 




As observed under FESEM, the CTA membrane cast from the NMP/acetone solvent system has 
a macrovoid-free, fully porous open-cell network structure in the sublayer, a relatively dense top 
layer and a porous bottom layer with small pores. The CTA membrane cast from the 
dioxane/acetone solvent system has macrovoids formed at near the top surface of the membrane, 
a close-cell and less porous structure in the sublayer, with relatively dense top and bottom layers 
without visible pores. Similarly, the CTA membrane cast from dioxane/acetone/acetic acid has a 
large number of macrovoids. Interestingly, after the addition of acetic acid into the casting 
solution, the sublayer has a significantly more open-cell and porous structure compared with the 
CTA membrane cast from the dioxane/acetone solvent system. Apparently, acetic acid acts as a 
pore forming agent [112]. The membrane cast from dioxane/acetone/acetic acid has a relatively 
dense top layer and a relatively less dense bottom layers as observed from the FESEM images.  
 
2.3.2 Membrane morphology characterized by PAS 
In order to further investigate the micro-morphology of CTA membranes, the S and R 
parameters of the top and bottom layers of the annealed membranes were obtained using PAS. 
The S parameter provides the relative free volume intensity with radii less than 1nm and the R 
parameter gives information on the larger pores ranging from nm to µm. In this study, the S 
parameter is used to analyze the relative denseness of top and bottom layers of the CTA 





Figure 2.4 S parameters versus positron incident energy (or depth) for the CTA membranes cast from 
different solvent systems fitted through VEPFIT analysis in three-layer mode. Both top and bottom layers 
were examined under PAS. 
 
Figure 2.4 shows the S parameter versus positron incident energy or the corresponding mean 
depth of the annealed CTA membranes and Figure 2.5 presents the enlarged S parameter as a 
function of incident energy ranging up to 5keV for a clearer view of S parameters at near the 
membrane surfaces. The sharp increase in S parameter at the membrane surface is due to the 
back diffusion of positronium in polymeric materials in the range of 1 – 20nm [4]. A maximum 
value in S parameter is obtained followed by a gradual decrease indicating a multilayer structure 





Figure 2.5 Close up view on the S parameters versus positron incident energy  from 0  to 5keV for the 
CTA membranes cast from different solvent systems fitted through VEPFIT analysis in three-layer mode. 
Both top and bottom layers were examined under PAS. 
 
From Figure 2.5, it can be clearly seen that the CTA membrane cast from the NMP/acetone 
solvent system has the highest S parameter peak values for both top and bottom layers, indicating 
both top and bottom layers of CTA membrane cast from the NMP/acetone solvent system have 












In addition, the bottom layer is denser than the top layer because the former has a smaller S1 
value than the latter (0.524 vs. 0.527), as shown in Table 2.1.  
 
Table 2.1 VEPFIT results for the S parameter analysis of top and bottom layers of CTA 
membranes 
Membrane Orientation S1  S2  S3  
CTA/NMP/Acetone 
Top 0.527 ± 0.004 0.511 ± 0 0.505 ± 0.001 
Bottom 0.524 ± 0.004 0.511 ± 0.001 0.508 ± 0 
CTA/Dioxane/Acetone 
Top 0.509 ± 0.001 0.507 ± 0.00 0.507 ± 0.001 
Bottom 0.507 ± 0 0.500 ± 0.009 0.522 ± 0.008 
CTA/Dioxane/Acetone/Acetic 
acid 
Top 0.519 ± 0.002 0.506 ± 0.001 0.508 ± 0.006 
Bottom 0.524 ± 0.003 0.509 ± 0 0.506 ± 0 
 
For the CTA membrane cast from the dioxane/acetone solvent system, it has the densest top and 
bottom layers because it has the lowest peak S parameter value among these three CTA 
membranes. In addition, the bottom layer is relatively denser than the top layer because the 
former has a smaller S1 value than the latter (0.507 vs. 0.509). However, the situation changes 
after the addition of acetic acid, the top and bottom layers of CTA membrane cast from 
dioxane/acetone/acetic acid become less dense with S1 values at 0.519 and 0.524 for top layer 
and bottom layer, respectively. Surprisingly unlike the CTA membranes cast from NMP/acetone 
and dioxane/acetone solvent systems, the top layer of CTA/dioxane/acetone/acetic acid 
membrane is denser than the bottom layer since the S1 value of the top layer is lower than that of 





Figure 2.6 R parameters versus positron incident energy (or depth) for the CTA membranes cast from 
different solvent systems fitted through VEPFIT analysis in three-layer mode. Both top and bottom layers 
were examined under PAS. 
 
Figure 2.6 presents the R parameters of CTA membranes cast from different solvent systems. 
Similar to S parameters, back diffusion region exists where the R parameters decrease sharply 
until minimum points are reached. It can be observed that the R parameter first reaches a 
minimum value which indicates the densest layer, then increases gradually at the transition layer 
before reaching a plateau indicating an increase in porosity beneath the skin surface until the 
porous layer of the membrane. The CTA membrane cast from the NMP/acetone solvent system 
has much a larger R parameter at the porous layer region indicating a much porous structure 
which coincides with our FESEM observation. For the CTA membrane cast from the 
dioxane/acetone solvent system, a sharp increase then decrease in R parameter is observed at the 
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transition layer when top surface is oriented towards the incident beam. This hump in R 
parameter represents the macrovoids in the membrane structure near the top layer. The R 
parameter then decreases to a lowest value among all other CTA membranes indicating a very 
dense structure at the porous layer. Similarly, when the bottom layer is oriented towards the 
incident beam, a low R parameter was also observed at the porous layer region indicating a dense 
and close cell structure at this region. When adding acetic acid into the dioxane/acetone solvent 
system, the porosity of the porous layer in the membrane increases sharply as observed by 
FESEM in Figure 2.3. In addition, the R parameters of both top and bottom layers show humps 
at the transition layer region due to the macrovoids. 
 
2.3.3 Effects on solvent systems on the CTA membrane morphology 
The formation of macrovoids in the CTA membranes cast from dioxane solvent systems may be 
explained via the calculation of diffusion coefficients of the coagulant in different solvents. 
Table 2.2 summarizes the physiochemical properties of solvents and non-solvents used in this 
study.  
Table 2.2 Physiochemical properties of solvents and non-solvents  
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10.2 10.8 12.0 13.7 - - 
Ds-w/Dw-s 0.455 0.355 0.132 0.460 - - 
a
 The diffusion coefficient of water in almost pure solvent 
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NMP and dioxane are the solvents for CTA while acetone and acetic acid being the non-solvents 
for CTA. Water is a non-solvent for CTA and used as the coagulant to induce phase separation. 
To estimate the ratio of solvent outflow to non-solvent influx during the phase inversion process, 
the Wilke-Chang equation was utilized for the calculation of diffusion coefficients [32]. It is 
found that the diffusion rates of both NMP and dioxane into water are at a similar rate. However, 
the diffusion rate of water (i.e., the coagulant) into dioxane is greater than that into NMP. As a 
consequence, water may have a great chance to induce non-solvent intrusion into the nascent 
membrane cast from the former than the latter and result in the formation of macrovoids. 
 
From the FESEM and PAS observations, it can be concluded that similarly to CA, CTA is able 
to form a dense bottom layer via hydrophilic-hydrophilic interactions with the glass casting 
substrate [2-4]. However, the formation of the dense layer at the bottom was greatly affected by 
the choice of solvents and additives. This can be expected since CTA has a lower OH content 
(0.82wt%) than CA (3.5wt%) and hence CTA is much less hydrophilic than CA. The contact 
angles of CTA, CA and glass plate were obtained from Ref. [4] and summarized in Table 2.3.  
 
Table 2.3Water contact angles of glass plate, CA and CTA membranes 
Material  Glass plate  CA  CTA  








 Data obtained from Ref. [13] 
 
The bottom layer of CTA membranes cast from the NMP/acetone solvent system is much looser 
and more porous than the bottom layers of CTA membranes cast from dioxane/acetone and 
dioxane/acetone/acetic acid solvent systems. Besides, the addition of acetic acid into the 
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dioxane/acetone solvent system results in a bottom layer which is less dense as observed from 
the S parameters under PAS. In order to better understand the behavior of CTA chains in 
different solvent systems, molecular simulations were done and the snapshots of simulated 
amorphous cells of CTA polymeric chain in NMP/acetone and dioxane/acetone solvent systems 
are shown in Figure 2.7.  
 
 
Figure 2.7 Snapshots from Material Studio showing the simulated amorphous cell constructed from CTA 
polymer chain with 30 repeating units in different solvent systems 
 
The CTA polymeric chains tend to coil and aggregate in the dioxane/acetone solvent system 
whereas the CTA polymeric chains show a tendency of intermingling with NMP/acetone solvent 
molecules. The radius of gyration (Rg) of CTA polymeric chains in the NMP/acetone solvent 
system is larger than that of CTA polymeric chains in the dioxane/acetone solvent system. This 





Hansen solubility parameters of all solvents, non-solvents and CTA are summarized in Table 2.4 
[191-193]. NMP is a better solvent for CTA than dioxane because the former has a closer total 
solubility parameter to CTA than the latter. As a result, the CTA polymeric chains tend to 
associate better with NMP molecules; this hinders the interaction of polymeric chains with the 
hydrophilic glass plate for the formation of a bottom dense layer. Therefore only a loosely dense 
bottom layer is formed for the NMP/Acetone solvent system. Since CTA polymeric chains tend 
to coil and segregate from dioxane, it facilitates their agglomeration at the interacting surface 
with the hydrophilic glass plate and enhances the formation of a denser bottom layer. As the 
CTA polymeric chains tend to segregate from dioxane, it also causes the formation of the close-
cell cross-section morphology.  
 
Table 2.4 Hansen solubility parameters of solvents and non-solvents  
Polymer / Solvent δd  δp  δh  δsp  
Cellulose triacetate 24.5 12.9 15.5 31.7 
NMP 18.0 12.3 7.2 22.9 
Dioxane 19.0 1.8 7.4 20.5 
Acetone 15.5 10.4 7.0 20.0 
Acetic acid 14.5 8.0 13.5 21.4 






















Since acetic acid has high hydrogen bonding characteristics as shown in Table 2.4, it may have 
strong hydrophilic-hydrophilic interactions with the glass substrate. These hydrophilic attractions 
may hinder the interactions between CTA and the glass substrate, and lead to a less dense bottom 
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layer. In addition, the dioxane-acetic acid complex (as discussed in the later section) would 
create additional free volume within the membrane as they encounter with water, disassociate 
each other, and then leach out from the membrane during phase inversion. In other words, the 
complex acts as the transient template for the increase in free volume in the active layers. 
Therefore, both SEM and PAS analyses show greater porosity. A similar approach had been 
proposed by Kesting et al using the n-methylpyrrolidone: propionic acid complex as the mixed 




Figure 2.8 Structures of (a) carboxylic acid dimers and (b) carboxylic acid-dioxane complexes 
 
According to literature, in a dilute solution of acetic acid in dioxane, instead of forming the 
acetic acid dimers, acetic acid forms complexes with dioxane. The structures of carboxylic acid 






Figure 2.9 FTIR spectra of pure dioxane, pure acetic acid and dioxane acetic acid mixtures 
 
To confirm the formation of the Lewis acid: base complex between acetic acid and dioxane when 
adding acetic acid into the casting solution, FTIR spectra of pure dioxane, pure acetic acid, and 
dioxane/acetic acid mixtures were obtained. Figure 2.9 presents the FTIR spectra of pure 
solvents and solvent mixtures. The FTIR spectrum of pure acetic acid has a broad band with the 
peak at around 3040 cm
-1
 which indicates the hydrogen bonded –OH stretching region. This is 
due to the formation of acetic acid dimers where hydrogen bonds exist between the acetic acid 
molecules. It can be seen that similar to pure acetic acid, hydrogen bonded –OH stretching bands 
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Figure 2.10  FTIR spectra of pure dioxane, pure acetic acid and dioxane acetic acid mixtures with wave 
number ranging from 2500 – 3500cm-1  
 
Shifts in the hydrogen bonded –OH band peaks were observed for the dioxane/acetic acid 
mixtures as shown in Figure 2.10. For the acetic acid: dioxane mixture at 1:9 weight ratio, a 
significant shift in the hydrogen bonded –OH band peak from 3040cm-1 to 3065 cm-1 was 
observed whereas for the dioxane/acetic acid mixture at 1:1 weight ratio, the shift in peaks is 
negligible. The shift in hydrogen bonded –OH band peak indicates a change in hydrogen 
bondings from the acetic acid dimers to the dioxane-acetic acid complexes. However, when the 
acetic acid content is high, there is a higher possibility where acetic acid dimers still exist and 
therefore no significant shift in the peak of hydrogen bonded –OH band is observed in the acetic 
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Figure 2.11.  FTIR spectra of pure dioxane, pure acetic acid and dioxane acetic acid mixtures with wave 
number ranging from 500 – 1000cm-1  
 
In addition, peak appearance at around 833cm
-1
 was also observed for the dioxane/acetic acid 
mixtures as shown in Figure 2.11. This band is assigned to the C-O-C stretching in dioxane [196-
197]. This band was not observed in the FTIR spectrum of pure dioxane. With the addition of 
acetic acid, this band becomes visible due to the interaction of the oxygen in the C-O-C group of 
dioxane with the –OH group of acetic acid. Both the findings from previous literatures and the 
current FTIR spectra have confirmed the formation of Lewis acid: base complexes between 
dioxane and acetic acid 
 
2.3.4 Mean pore size and pore size distribution 
The annealed CTA membranes were characterized for their mean pore sizes and pore size 
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weight cut off (MWCO) properties. Table 2.5 summarizes the mean pore size (µp), geometric 
standard deviation (σp) of the pore size distribution curve and the MWCO of CTA membranes 
cast from different solvent systems. The CTA membrane cast from the NMP/acetone solvent 
system has the largest MWCO of 8074 Da and also the largest mean pore size of 2.04 nm.  
 
Table 2.5 Mean pore size (µp), geometric standard deviation (σp) and molecular weight cut off 
(MWCO) of CTA membranes 
Membrane µp (nm) σp  MWCO (Da) 
CTA/NMP/Acetone 2.04 1.84  8074 
CTA/Dioxane/Acetone 0.49 1.33 155.6 







Figure 2.12 The pore size distribution curves of  annealed CTA membranes 
 
From the pore size distribution curves shown in Figure 2.12, the pore size distribution of the 
CTA membrane cast from the NMP/acetone solvent system has a wide pore size distribution 
range. It can easily be predicted that this CTA membrane has very low or even no selectivity 
towards monovalent ions such as NaCl due to the large mean pore size, MWCO and wide pore 
size distribution.  
 
However, the mean pore size and MWCO are significantly reduced when dioxane is used as the 
main solvent. The CTA membrane cast from the dioxane/acetone solvent system has the smallest 
MWCO of 155.6 Da and a mean pore size of 0.49 nm with a sharp pore size distribution, the 
CTA membrane cast from the dioxane/acetone/acetic acid solvent system has a slightly larger 
MWCO of 165.7 MW due to the addition of acetic acid as a pore forming agent. It has a slightly 







































the dioxane/acetone solvent system. Therefore, we can expect that the CTA/dioxane/acetone 
membrane will have the highest rejection but the lowest flux, followed by the 
CTA/dioxane/acetone/acetic acid membrane and lastly, the CTA/NMP/acetone membrane may 
not show much rejection towards monovalent ions. 
 
2.3.5 FO performance of CTA membranes 
The CTA membranes, before and after annealing, were tested for their FO performance using 
NaCl as the draw solution. Table 2.6 shows the FO performance of CTA membranes before 
annealing.  
 




Water Flux (LMH) 

















21.5 ± 0.4 27.3 ± 1.3 153 ± 16 204 ± 32 7.1 7.5 
CTA/Dioxane/Acetone 
14/71/15 




22.7 ± 0.2 19.6 ± 0.4 19.6 ± 1.1 15.9 ± 0.7 0.86 0.81 
 
Due to the high porosity of the sublayer structure, the CTA membrane cast from the 
NMP/acetone solvent system shows the highest water flux performance up to 27LMH when the 
bottom dense layer is oriented towards the draw solution, using a 2M NaCl draw solution. 
However, the salt rejection properties of this membrane are extremely poor due to the loose 
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dense top and bottom layers characterized by PAS earlier. It can be concluded that both the top 
and bottom layers do not show good selectivity towards NaCl. It was also observed that when the 
bottom layer is oriented towards the draw solution, a higher water flux is obtained than the other 
configuration. This is in line with our PAS observation where the bottom layer is denser and 
hence more selective than the top layer, causing a better water flux when bottom layer is faced 
towards the draw solution due to the less severe ICP phenomenon in this orientation. The 
CTA/dioxane/acetone membrane shows incredibly high rejections towards NaCl even before 
annealing where the reverse salt flux is kept at under 3gMH as it has the densest top and bottom 
layers. However, it also suffers from low water flux at around 5LMH when the bottom layer is 
oriented towards a 2M NaCl draw solution due to the dense and close-cell sublayer structure. 
Similar to the CTA/NMP/acetone membrane, the CTA/dioxane/acetone membrane shows a 
higher flux when the bottom layer is oriented towards the draw solution as the bottom layer is 
denser than the top layer. With the addition of acetic acid as a pore forming agent, the resultant 
CTA membrane has a water flux up to 23LMH before annealing. The increment in water flux 
comes with a trade-off in membrane’s selectivity as the reverse salt flux increases to 20gMH 
before annealing. The CTA/dioxane/acetone/acetic acid membranes shows a higher flux when 
the top layer is oriented towards the draw solution. This is due to a slight loss in bottom layer 
selectivity resulting from the negative effect of acetic acid on the bottom layer formation. This 
again shows a good agreement with the PAS analysis on the membrane morphology as 
previously discussed. The Js/Jv ratio for both CTA membranes cast from dioxane/acetone and 





The FO performance of the annealed CTA membranes is summarized in Table 2.7. The CTA 
membrane cast from the NMP/acetone solvent system shows only little improvement in salt 
rejection after annealing while the water flux decreases to almost half to the original flux before 
annealing. Similarly for the CTA/dioxane/acetone membrane, the water flux decreases after 
annealing to under 4LMH with an improved reverse salt flux. The CTA membrane cast from the 
dioxane/acetone/acetic acid solvent system shows a water flux up to 13LMH at a reverse salt 
flux of under 7gMH using a 2M NaCl draw solution. The Js/Jv of this membrane is the smallest 
among the other CTA membranes at around 0.5 (g/L or g/Kg) when the top layer is oriented 
towards the draw solution. Generally, the membranes showed a decrease in water flux but an 
increase in salt rejection after annealing. The Js/Jv ratio has also improved after annealing. 
 
Table 2.7 FO performance of CTA membranes after annealing. Both top layer faces draw 
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11.2 ± 2.1 15.3 ± 3.3 101 ± 14 125 ± 7.5 9.0 8.16 
CTA/Dioxane/Acetone 
14/71/15 









Figure 2.13 FO performance of annealed CTA/dioxane/acetone/acetic acid membranes. Draw solute: 
NaCl, feed: DI water. Top-DS indicates top layer facing NaCl solution and Bottom-DS indicates bottom 
layer facing NaCl solution. 
 
The annealed CTA membrane cast from the dioxane/acetone/acetic acid solvent system was then 
tested for its FO performance under increasing draw solution concentration. The water flux 
performance and reverse salt flux are shown in Figure 2.13. The difference in water flux 
performance under different membrane orientations increases with an increase in draw solution 
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Figure 2.14 FO performance of annealed CTA/dioxane/acetone/acetic acid membrane. Draw solute: NaCl, 
feed: 3.5 wt% NaCl solution. Top-DS indicates top layer facing draw solution and Bottom-DS indicates 
bottom layer facing draw solution. 
 
Figure 2.14 shows the FO performance of the annealed CTA/dioxane/acetone/acetic acid 
membrane when model seawater (3.5wt% NaCl solution) was used as the feed and a water flux 





The annealed CTA membranes were also tested for their rejections towards NaCl at a pressure of 
10 bar and the results are summarized in Table 2.8. The CTA membrane cast from the 
NMP/acetone solvent system does not show any rejection towards NaCl while the CTA 
membrane cast from dioxane/acetone solvent system has a high NaCl rejection of up to 97%. 
The CTA/dioxane/acetone/acetic acid membrane has a slightly lower NaCl rejection of 90% due 
to the addition of acetic acid. This is expected as the acetic acid acts as a pore forming agent and 
the addition of acetic acid has caused a slight decrease in the selectivity of the dense layer as 
previously explained. 
 
Table 2.8 Annealed CTA membranes’ rejections towards NaCl at 10 bar operating pressure. 






97.0 ± 0.1 
CTA/Dioxane/Acetone/Acetic Acid 
14/63/15/8 
89.9 ± 0.4 
 
2.4 Conclusions 
This work has studied the fundamentals of engineering and science of the formation of CTA 
membranes for forward osmosis applications. The effects of solvents and additives on CTA FO 
membranes have been evaluated carefully with the aid of various membrane characterization 
methods. It was found that the choice of solvent has a significant effect on the formation of dense 
layer and the porous sublayer which largely determine the FO performance of membranes. As 
CTA polymeric chains tend to coil and agglomerate in dioxane due to the lower solubility, the 
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resultant membrane has a very dense and close-cell sublayer structure. The formation of dense 
bottom layer is enhanced due to the aggregation of CTA polymeric chains on the glass substrate. 
However, when dissolved in NMP, the CTA polymeric chains preferentially associate with the 
solvent and hinder the hydrophilic-hydrophilic interactions with the casting substrate. Hence, 
only a loosely dense bottom layer is formed. The addition of acetic acid into the casting solution 
caused the formation of Lewis acid: base complexes between acetic acid and dioxane molecules. 
The complexes increase the free volume of the dense selective layer. Besides, acetic acid can 





 Chapter 3 Novel Cellulose Esters for Forward Osmosis Membranes 
3.1 Introduction 
There has been a tremendous growth of interest in osmotic based membrane processes such as 
forward osmosis (FO) and pressure retarded osmosis (PRO) recently due to the demand for 
sustainable production of clean water and energy [8, 17-19, 43, 69, 72, 78, 198-203]. In fact, the 
concept of membrane based osmotic processes for water production and power generation has 
long been demonstrated and studied for decades [21, 84, 95, 112, 113 116, 130 204, 205]. 
However, the lack of high performance membranes has been the major obstacle rendering FO 
not feasible for large scale applications. It is only until recently that considerable improvements 
and breakthroughs have been achieved in the development of suitable membranes tailored 
especially for FO applications. Earlier research works focused on the use of reverse osmosis 
(RO) and nanofiltration (NF) membranes for FO. In year 2007, Wang et al. developed the 
polybenzimidazole (PBI) NF hollow fiber membranes for FO processes which possessed high 
rejection towards divalent ions [94]. The performance was further improved by the fabrication of 
a thinner hollow fiber wall followed by chemical crosslinking where the MgCl2 rejections of 
above 99% was achieved with a water flux of 32LMH using a 5M MgCl2 draw solution in FO 
experiments [115]. McCutcheon et al. also evaluated the use of commercial RO membranes with 
their support fabric removed in FO applications. The cellulosic RO membrane without its 
support fabric was able to achieve a high FO water flux of 36LMH by using only a 1.5M NaCl 
draw solution [130]. However, these earlier publications did not evaluate the reverse draw solute 
diffusion across the membrane which is a detrimental phenomenon affecting the long term 




Subsequently, the use of cellulose acetate (CA) and cellulose triacetate (CTA) for FO membrane 
was extensively studied. Wang et al. and Zhang et al. first reported the invention of the double-
skinned CA FO membrane which is able to mitigate the effect of internal concentration 
polarization (ICP) within the membrane and reduce fouling propensity by introducing a second 
“skin” to the membrane [131-132]. Subsequently, Tang et al. studied transport phenomena and 
mathematically proved that the double-skinned structure is indeed useful to mitigate ICP [149]. 
Double-skinned hollow fibers were then developed accordingly by Fang et al. for FO processes 
[142]. Hollow fiber CA membranes have also been fabricated and studied for FO processes [94, 
115]. These cellulose ester based membranes have shown excellent salt rejection performance 
with reverse draw solute diffusion as low as less than 5gMH for CTA and CA flat sheet 
membranes, but their water fluxes did not exceed 20LMH using a 2M NaCl draw solution [84, 
131, 174]. 
 
Aiming to improve the water flux performance, many researchers then shifted their focus from 
conventional asymmetric membranes cast using the phase inversion process to thin film 
composite (TFC) membranes fabricated via interfacial polymerization (IP) technique. Wang et al. 
and Yip et al were the pioneers in fabricating TFC membranes for FO by forming a thin 
polyamide (PA) selective layer on either polysulfone or polyethersulfone (PES) porous 
substrates [110, 131]. Flat sheet TFC membranes were then fabricated by various research 
groups using different membrane substrates such as polysulfone (Psf) on polyester (PET) 
nonwoven fabrics [133], electrospun polyethersulfone (PES)/Psf and PES nanofibers [142, 144], 
Psf with small amounts of polyvinyl pyrrolidone (PVP) and lithium chloride (LiCl) additives 
[206], polydopamine (PDA) modified commercial Psf RO membranes with PET fabrics removed 
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[108], fully sponge-like macrovoid-free sulfonated polymer [109], PES/sulfonated Psf (SPsf) 
[110], cellulose acetate propionate substrates [137] and also zeolite embedded PA thin film on 
Psf substrates [207]. The TFC membranes generally have much higher water flux performance 
due to the extremely thin but highly selective PA layer which poses less resistance towards water 
flow. The highest water flux performance to date for seawater desalination was reported by 
Widjojo et al. where their TFC-FO membrane fabricated from sulfonated substrates achieved a 
water flux of 22 LMH when the active layer is oriented towards the 2M NaCl draw solution 
[109]. It was also reported that TFC membranes fabricated from hydrophilic membrane 
substrates generally resulted in better FO performance than hydrophobic membrane substrates 
[109, 110, 135, 137]. 
 
Apart from the conventional asymmetric membranes and TFC membranes, FO membranes were 
also developed by the layer-by-layer (LbL) assembly of polyelectrolytes of opposite charges 
[148, 149, 151]. The LbL membranes showed FO water flux as high as 60LMH for a 3-layer 
assembly of poly(allylamine hydrochloride) (PAH)/poly(sodium 4-styrene-sulfonate) (PSS) 
coating on a polyacrylonitrile (PAN) membrane substrate using a 0.5M MgCl2 draw solution 
[151]. However, there is no reported performance of these LbL membranes using NaCl as the 
draw solute. Poor rejection towards monovalent ions can be expected as the reported reverse 
MgCl2 diffusion was already very high. Biomimetic membranes embedded with aquaporin Z 
have also been successfully fabricated by Wang et al with a phenomenally high water flux of 
142LMH and a low reverse salt flux using a 2M NaCl draw solution [166]. The biomimetic 
concept can indeed be applied for FO processes, but the challenges lie in the large scale 
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production of defect-free biomimetic membranes and also the mechanical strength of such 
membranes. 
 
In view of tremendous efforts in the invention of materials and fabrication techniques for the 
development of FO membranes, we focus this study on (1) molecular design of novel cellulose 
ester materials; (2) evaluation of their potential as asymmetric FO membranes via phase 
inversion technique; and (3) investigation of the relationship among cellulose ester chemistry, 
physicochemical properties, casting conditions and FO performance. A wide range of cellulose 
esters with different degrees of substitution (DS) of functional groups including hydroxyl (OH), 
acetyl (Ac), propionyl (Pr) and butyryl (Bu) were therefore synthesized. To have a more 
complete coverage of various types of cellulose esters, one commercially available CAP 
(CAP141-20 from Eastman Chemical Company, USA) was also included for comparison.  
 
A conventional phase inversion method was employed so as to cater to the needs of certain 
applications where the use of TFC membranes may not be suitable, especially for high fouling 
tendency processes, as the PA selective layer is much more susceptible to fouling due to its 
hydrophobic and charged nature [51]. Membranes from both commercial and newly synthesized 




9 proprietary CAP (CAP_A, CAP_C, CAP_D, CAP_I, CAP_K, CAP_L, CAP_O, CAP_P, 
CAP_Q) and 2 proprietary cellulose acetate butyrate (CAB_M, CAB_N) with different degrees 
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of substitution (hereafter referred as to DS) of functional groups were synthesized by Eastman 
Chemical Company (USA). One commercially available CAP (CAP141-20) was also supplied 
by Eastman Chemical Company (USA). Their DS of different functional groups is summarized 
in Table 3.1.  
 
Table 3.1 Degrees of substitution (DS) of hydroxyl (OH), acetyl (Ac), propionyl (Pr) and butyryl 
(Bu) functional groups of cellulose esters used in this study.  
Polymer  DS(OH)  DS(Ac)  DS(Pr)  DS(Bu)  
CAP_A  0.82  1.64  0.54  -  
CAP_C  0.89  1.00  1.11  -  
CAP_D  1.14  0.87  0.99  -  
CAP_I  0.63  1.68  0.69  -  
CAP_K  0.65  0.65  1.69  -  
CAP_L  0.84  0.62  1.54  -  
CAP_O  1.10  1.31  0.59  -  
CAP_P  0.35  1.31  1.34  -  
CAP_Q  0.09  1.47  1.44  -  
CAB_M  0.83  1.49  -  0.68  
CAB_N  0.82  0.73  -  1.45  





Figure 3.1 Map of design strategy for novel cellulose esters as a function of hydrophilic DS(OH) vs.  the 
ratio of hydrophobic DS(Pr) for CAP or DS(Bu) for CAB to the total DS of bulky side groups.  
 
Figure 3.1 elucidates the design strategy of synthesizing these novel cellulose esters with various 
levels of DS(OH) and ratios of DS(Pr) or DS(Bu) to the total bulky side group. Cellulose esters 
with a high content of DS(OH) and a low ratio of DS(Pr)/(DS(Pr)+ DS(Ac)) or DS(Bu)/(DS(Pr)+ 
DS(Ac)) tend to be highly hydrophilic, whereas those with a low level of DS(OH) and a high 
ratio of DS(Pr)/(DS(Pr)+ DS(Ac)) or DS(Bu)/(DS(Pr)+ DS(Ac)) tend to be highly hydrophobic. 
As shown in the Figure 3.1 different levels of OH content and 3 different ratios of Pr/(Pr + Ac) 
content have been synthesized. The CAP_A, CAP_D and CAP_O fall under the hydrophilic 
region whereas the CAP_P, CAP_Q and the commercial CAP141-20 fall under the hydrophobic 
region. Acetone (≥99.5), formamide (≥99.7), NaCl (≥99.5) and N-methyl-2-pyrrolidone (NMP, 
≥99.5%) were purchased from Merck, Singapore. The deionized (DI) water used in experiments 




3.2.2 Membrane preparation 
Polymer powder was dried in a vacuum oven at 120 
o
C overnight to remove moisture prior to use. 
5 – 6 polymer solutions were prepared from each type of polymer with concentrations ranging 
from 5 to 20 wt% in NMP. The viscosity of polymer solutions as a function of polymer 
concentration was measured by an ARES Rheometric Scientific Rheometer (TA Instruments, 
USA) in the range of 1 – 100 s-1 using a 25 mm cone and plate geometry at 25 ± 1 oC. NMP was 
chosen as the solvent for the viscosity evaluation as it does not evaporate as quickly as acetone 
and hence gives a more accurate evaluation. The critical concentration for each polymer at NMP 
was then evaluated from the viscosity vs. concentration curves [209].  
 
Polymer solutions for membrane casting were then prepared by mixing each polymer into a 
mixed solvent system of acetone/formamide with a ratio of 3:2. The weight percentage of each 
polymer was determined at or 1 – 9 wt% higher than its critical concentration as suggested by 
previous literatures to obtain almost defect-free membranes [209]. Membranes were formed by 
pouring a thin layer of polymer solution on a smooth and hydrophilic glass plate using a uniform 
casting knife and consequently immersed into a tap water coagulation bath at room temperature 
for phase inversion. The as-cast membrane was then gently peeled off from the glass plate and 
soaked in a tap water bath overnight to remove the residual solvent. The membranes were then 
annealed in DI water at 85
o






3.2.3 Morphological studies 
The annealed membrane samples were subjected to morphological studies by a field emission 
scanning electron microscope (FESEM). The membranes were freeze-dried in a freeze dryer 
(ModulyoD, Thermo Electron Corporation, USA) prior to FESEM studies. For cross sectional 
images, the freeze-dried membranes were fractured in liquid nitrogen. Samples were coated with 
platinum using a Jeol JFC-1100E ion sputtering device prior to observation under FESEM 
(FESEM, JEOL JSM-6700). 
 
3.2.4 Fractional free volume calculations and density determination 
The fractional free volume (FFV) of cellulose esters was estimated by the group contribution 








          (1) 
where Vp is the polymer specific volume determined based on the dry film density and V0 is the 
specific occupied volume, or volume which is unavailable for molecular transport [210]. The 
specific volume can be calculated using Eq. (2). 
wVV 3.10             (2) 
where Vw is the van der Waals volume of the molecule which empirical values can be found in 
Ref [210].  
 
The density of each cellulose ester was determined by a Mettler Toledo balance and a density kit 
according to the Archimedean principle by measuring the weights of a cellulose ester dense film 











          (3) 
 
3.2.5 Pure water permeability, salt rejection and salt permeability tests 
Pure water permeability A (or PWP), salt permeability B and salt rejection Rs of the membranes 
were tested at room temperature with the selective layer facing the feed at a trans-membrane 
hydraulic pressure of 10.0 bar using a dead-end filtration cell. 
 
200ppm NaCl solutions were used as the feed for salt rejection measurements. The NaCl 
concentrations were determined by conductivity measurements. Salt rejection Rs was calculated 
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3.2.6 Forward osmosis tests 
FO experiments were conducted using methods as described in section 2.2.7. Volumetric flow 
rates for both feed and draw solutions were 0.3L/min. NaCl solutions at various concentrations 
were used as model draw solutions whereas DI water and 3.5wt% NaCl solution (model 
seawater) were used as the feed. The experiments were conducted under room temperature 






3.3 Results and Discussion 
3.3.1 Viscosity curves and critical concentration evaluation 
Figure 3.2 illustrates the viscosity of various cellulose esters as a function of polymer 
concentration in NMP at a shear rate of 10s
-1
. Each viscosity curve shows a sharp increase in 
slope above a certain polymer concentration where a significant increment in chain entanglement 
occurs. This concentration has been referred as the critical concentration. Experiments have 
confirmed that membranes cast or spun at or above the critical concentration may have minimal 
defects in the selective layer [209]. The critical concentration of each cellulose ester was 
therefore determined from the intersection of two extrapolation lines based on the slopes of 
viscosity curves at low and high viscosity regions. 
 
 
Figure 3.2 Viscosity curves of cellulose esters as a function of polymer concentration  





































Since the viscosity profiles were evaluated by using NMP as the solvent, the critical 
concentrations obtained can be only used as a guideline to decide the polymer compositions of 
casting solutions. Generally, polymer compositions for casting solutions were fixed at or 1 - 9 
wt% higher than the critical concentrations as shown in Table 3.2 depending on the final 
viscosity of the casting solutions prepared from the acetone/formamide solvent mixture. The 
compositions of casting solutions used in this study are also summarized in this Table. 
 






Polymer (wt%)  Acetone (wt%)  
Formamide 
(wt%)  
CAP_A 18  18 49.2 32.8 
CAP_C 18  18 49.2 32.8 
CAP_D 19  20 48.0 32.0 
CAP_I 18  22 46.8 31.2 
CAP_K 17  18 49.2 32.8 
CAP_L 20  20 48.0 32.0 
CAP_O 18  20 48.0 32.0 
CAP_P 15  18 49.2 32.8 
CAP_Q 16  18 49.2 32.8 
CAB_M 18  18 49.2 32.8 
CAB_N 18  18 49.2 32.8 





3.3.2 Membrane morphology 
The annealed and freeze-dried membranes were examined under FESEM for their morphology. 
Figure 3.3 (a) and 3.3 (b) show their FESEM images for all 12 membranes cast from their 
corresponding cellulose esters. From the cross sectional images, all membranes have a 
macrovoid-free and fully open cell sponge-like structure similar to the structure of CA 
membranes reported in previous studies [84]. These membranes have a thickness ranging from 
50 to 100 µm and almost all the membranes consist of a dense top surface without visible pores 
except CAP_P and CAP_Q membranes. The top surface of CAP_P membrane has visible small 
pores or pinholes whereas the top surface of CAP_Q membrane consists of a completely porous 


















































From the phase diagram shown in Figure 3.4 [84], the phase inversion rates for both CAP_P and 
CAP_Q are much more rapid as compared to that of CA, CAP_A and CAP_C. CAP_A and 
CAP_C which are much more hydrophilic due to higher OH content have much slower phase 
inversion rates. This is due to the fact that CAP_P and CAP_Q are lack of tolerance as they are 
relatively more hydrophobic owing to the lower hydrophilic OH content and higher Pr content 
which is a hydrophobic bulky side group. Between these two, CAP_Q has a much lower DS(OH) 
than CAP_P (i.e., 0.09 vs. 0.35). Thus, the former has a higher phase inversion rate than the 
latter. This leads to a significantly more porous and discontinuous top layer for the membrane 
cast from CAP_Q. As the phase inversion rate becomes more rapid, an instantaneous growth of 
nucleuses occurs and leads to the formation of discontinued regions on the membrane surface 
instead of forming a continuous dense surface formed from a large number of small nucleuses 
[211]. Figure 3.4 does not constitute complete phase boundaries. 
 
 




3.3.3 Performance of cellulose ester membranes 
The PWP, salt rejections and salt permeabilities of the cellulose ester membranes are 
summarized in Table 3.3.  
 
Table 3.3. Pure water permeability, A (LMH bar
-1
), salt permeability, B (LMH), salt rejection, Rs 
at 10 bar.  
Membrane  




Salt permeability, B 
(LMH)  
Salt rejection, Rs  
(%)  
CAP_A 0.70 0.63 91.4 
CAP_C 0.30 0.13 95.4 
CAP_D 0.18 0.41 80.6 
CAP_I 0.21 0.17 92.3 
CAP_K 0.31 0.27 90.7 
CAP_L 0.43 0.44 90.8 
CAP_O 0.92 18.6 33.5 
CAP_P 3.09 206 11.5 
CAP_Q 127 Infinitely high
1
  No rejection 
CAB_M 0.51 0.40 92.4 
CAB_N 0.093 0.060 93.9 
CAP141-20 10.6 639 7.8 
1 
Unable to compute as R = 0  
 
All cellulose ester membranes exhibit distinctive salt rejection, PWP and salt permeability 
performance. As expected, the CAP_P and CAP_Q membranes show very low or no rejection 
towards NaCl due to their defective/porous top layers with significantly higher PWP values as 
compared to other cellulose ester membranes owing to the lower water flux resistance posed by 
95 
 
the defective ‘selective’ layers. Besides, it is observed that the membrane cast from CAP141-20 
also shows a very low NaCl rejection of 7.8% with a high PWP of 10.6 LMH bar
-1
.  This is due 
to the fact that CAP141-20 is also relatively hydrophobic with a low DS(OH) of 0.38. As a 
consequence, it has a rapider more rapid phase inversion process than other hydrophilic cellulose 
esters and results in a less dense top selective layer as discussed earlier. However, highly 
hydrophilic CAP_D and CAP_O membranes (DS(OH) > 1) show relatively poorer NaCl 
rejections at 80.6% and 33.5% respectively but with PWPs less than 1 LMH bar
-1
. The rest of the 
cellulose ester membranes show excellent NaCl rejections above 90% at PWP ranging from 0.2 
– 0.7 LMH bar-1. Among the membranes, CAP_C exhibits the best salt rejection performance at 
95% rejection under a 10 bar operation with a moderate PWP of 0.3 LMH bar
-1
, while CAB_M 







The membranes were then tested for their FO performance using a 2M NaCl draw solution and 
their performance is summarized in Table 3.4.  
 
Table 3.4 FO performance of cellulose ester membranes. 
Membrane  
Water flux, Jv (LMH)  
Reverse salt flux, Js 
(gMH)  
Js / Jv  
PRO  FO  PRO  FO  PRO  FO  
CAP_A 21.4 ± 1.1 11.9 ± 0.2 17.5 ± 0.2 9.5 ± 0.2 0.82 0.80 
CAP_C 15.0 ± 0.8 6.3 ± 0.6 1.8 ± 0.1 3.6 ± 0.6 0.12 0.57 
CAP_D 10.4 ± 0.7 7.8 ± 0.1 32.3 ± 1.0 21.3 ± 0.9 3.1 2.7 
CAP_I 10.5 ± 1.4 5.8 ± 0.1 2.7 ± 1.1 1.8 ± 0 0.26 0.31 
CAP_K 15.3 ± 0.9 8.1 ± 0.6 11.6 ± 1.4 6.6 ± 1.7 0.76 0.82 
CAP_L 20.2 ± 0.1 12.1 ± 0.3  11.3 ± 0.2 6.8 ± 0.3 0.57 0.56 
CAP_O 16.5 ± 0.7 14.9 ± 0.9 236 ± 27 271 ± 27 14 18 
CAP_P 5.5 ± 0.2 7.0 ± 0 433 ± 8 359 ± 57  79 51  
CAP_Q No flux  1.0 ± 0 531 ± 45 394 ± 63 NA  394 
CAB_M 21.6 ± 0.5 12.0 ± 1.4 10.6 ± 1.3 5.1 ± 1.1 0.49 0.42 
CAB_N 7.1 ± 0.8 3.8 ± 0.3 7.2 ± 0.4 4.7 ± 1.7 1.0 1.2 
CAP141-20 9.0 ± 0.1 8.3 ± 0.6 347 ± 57 325 ± 123 0.49 0.42 
 
Generally, the water flux obtained from the PRO mode (selective layer oriented towards draw 
solution) is greater than that in the FO mode due to the severe ICP phenomenon in the FO mode 
[84, 130]. The CAP_O, CAP_P, CAP_Q and CAP141-20 membranes, even though having very 
high pure water permeabilities, do not show high water flux performance under FO experiments. 
This is due to the fact that the poor salt rejections or high salt permeabilities of these membranes 
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would result in high reverse salt fluxes and consequently contribute to a significant reduction in 
effective driving force across the membranes for water transport.  
 
The CAP_A, CAP_L and CAB_M membranes belong to a class which has a high water flux of 
more than 20 LMH and moderately low reverse salt diffusion. Among them, the CAB_M 
membrane exhibits the highest water flux of around 22 LMH with a reasonably low reverse salt 
flux of 11 gMH. Both CAP_C and CAP_I membranes belong to a class which has a low reverse 
salt diffusion with a balanced flux. They all exhibit excellent NaCl rejections. Among them, the 
CAP_C membrane has the minimal reverse salt flux of 1.8 gHM and a good water flux of 15 
LMH under the PRO mode. The membranes cast from hydrophilic cellulose esters CAP_D and 
CAP_O suffer from poor salt rejection performance with high reverse salt fluxes. Membranes 
such as CAP_K and CAB_N do not show particularly good FO performance. None of their water 
fluxes and salt rejections is outstanding. 
 
3.3.4 Effects of DS and functional group on membranes’ FO performance 
After obtaining the membranes’ water flux and salt rejection performance, the optimal functional 
group compositions of cellulose esters for FO membranes can be identified. Figure 3.4 shows a 
plot of cellulose esters’ DS(OH) against the ratio of DS of the bulkiest side group (Pr for CAP or 
Bu for CAB) to the total DS of bulky side groups (total DS of Ac and Pr or Bu). From Figure 3.4, 
it can be deduced that cellulose esters with low DS(OH); namely, CAP141-20, CAP_P and 
CAP_Q are not suitable as materials for FO membranes due to the reasons discussed earlier. 
Judging from high reverse salt fluxes of CAP_D and CAP_O membranes, cellulose esters with 
very high DS(OH) are also not suitable for FO applications. The cellulose esters with DS(OH) 
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within the range of 0.63 to 0.89 have better membrane performance in FO experiments with 
reasonable water fluxes and salt rejections. Among these membranes, CAP_A membrane with a 
low ratio of DS(Pr) suffers from a higher salt permeability with a reverse salt flux of 18gMH. 
Therefore, a higher Pr content may be preferred in order to obtain a better NaCl rejection. As a 
result, it can be concluded that cellulose esters with moderate DS(OH) and higher Pr or Bu 
content are suitable as FO membrane materials.  
 
 
Figure 3.4 DS(OH) against the ratio of DS(Pr) for CAP or DS(Bu) for CAB to the total DS of bulky side 
groups. Membranes prepared from within the range marked by the two dotted lines have better FO 
performance. 
 
To evaluate the possible causes leading to different FO performance exhibited by various 
cellulose ester membranes, two assumptions have been made: (1) only the dense selective layer 
is responsible for the water flux and salt rejection performance since it has a much greater 
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resistance towards solvent and solute transports as compared to the porous layer and (2) NaCl 
alone can not permeate through the polymer matrix unless with the aid of water or solvent 
molecules absorbed in the polymer matrix as proposed by Yasuda et al. [212]. According to 
Rosenbaum et al.’s study on cellulose acetate [213], an increase in Ac content or a decrease in 
OH content results in an increase in preferential restrictions on salt mobility which in turn lowers 
the salt partition coefficient and diffusion coefficient, thus enhances selectivity. Besides, another 
study has observed that a higher substitution degree of bulkier functional groups leads to smaller 
water clusters at the membrane selective layer which results in lower salt and water permeation 
[214]. Therefore, the substitution of functional groups by Pr or Bu in our cases may lead to a 
higher salt rejection due to the smaller water clusters in the membrane selective layers and also 
the bulkiness of the Pr and Bu chains which may further restrict salt mobility in the membranes. 
These hypotheses coincide exactly with our experimental data where the CAP_D and CAP_O 
membranes with high DS(OH) suffer from high salt permeability and reverse salt fluxes. With a 
similar OH content (DS(OH) ≈ 0.8), CAB_N with a much higher DS(Bu) than CAB_M (1.45 vs. 
0.68) shows a much lower salt permeability (0.06 vs. 0.40 LMH) and water permeability (0.093 
vs. 0.51 LMH bar
-1
) than CAB_M. In FO experiments, the former also displays a low water flux 
of 7 LMH at the PRO mode with a low reverse salt flux of 7gMH, while the latter exhibits a 
much higher water flux and a higher reverse salt flux. Besides, the CAP_A membrane with a low 
Pr content shows a low NaCl rejection and a high reverse salt flux under FO experiments. 
Therefore, one may conclude that the higher content in bulky side group leads to the higher salt 
rejection, while the higher hydrophilic side group (OH) content leads to the higher salt 
permeability. However, it is still unclear as of now why the CAP_D membrane exhibits a lower-
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than-expected water permeability of mere 0.18 LMH bar
-1
 despite being hydrophilic and more 
work will be done in the future to investigate the intrinsic properties of various cellulose esters. 
 
Since water permeability and salt transport are proportional to the volume fraction of water 
sorbed in the polymers [215], Table 3.5 summarizes the FFV of these polymers calculated from 
the Bondi group contribution method and total solubility parameters calculated using method 
discussed in ref [193]. Three groups can be classified for easy comparison; namely, (1) the 
hydrophilic group (CAP_D and CAP_O), (2) the CAP group with moderate hydrophilicity 
(CAP_A, CAP_C, CAP_I, CAP_K and CAP_L) and (3) the CAB group (CAB_M and CAB_N). 
The hydrophobic CAP (CAP_P, CAP_Q and CAP141-20) are exempted because they cannot 
form almost defect-free membranes during the phase inversion process.  
 
According to Zhang et al. [215], there are two types of free volume to be considered in the 
cellulose ester polymers. One is the free volume in the dry state, while the other is the hydrated 
free volume in the wet state. The dry state free volume can be correlated well with FFV which 
has been calculated in Table 3.5, whereas the hydrated free volume may be the same or slightly 
larger than the former depending on DS and the characteristics of functional groups.  Since 
permeability is a product of water solubility and diffusivity, the amount of water molecules 
sorbed in the free volume and the diffusion process of penetrants across the membrane plays 
important roles in determining the permeability.  Both Zhang et al. [215] and Hodge et al. [216] 
have reported the much larger hydrated free volume than the dry-state one for hydrophilic 
polymers such as cellulose esters and polyvinyl alcohol. This increase in hydrated free volume in 
cellulose esters arises from the fact that hydrophilic cellulose esters tend to have a low free 
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volume in the dry state due to the hydrogen bonding within polymer chains but they undergo a 
significant expansion in free volume at the hydrated state. The enlargement in free volume is 
attributed to the plasticization and swelling of polymer chains induced by the incorporation of 
non-freezing water which involve in strong hydrogen bonding with the polymer [215, 216]. On 
the contrary, dry state and hydrated free volumes may not differ with each other for hydrophobic 
cellulose esters because of low water sorption and tortuous diffusion paths among the 
hydrophilic and hydrophobic functional groups.  
 
Table 3.5 FFV calculated from the Bondi group contribution method and solubility parameters of 
cellulose esters. 







CAP_A 0.82 1.64 0.54 - 16.3 13.05 
CAP_C 0.89 1.00 1.11 - 16.3 12.98 
CAP_D 1.14 0.87 0.99 - 17.0 13.61 
CAP_I 0.63 1.68 0.69 - 16.9 12.58 
CAP_K 0.65 0.65 1.69 - 18.2 12.31 
CAP_L 0.84 0.62 1.54 - 17.6 12.72 
CAP_O 1.1 1.31 0.59 - 18.2 13.70 
CAB_M 0.83 1.49 - 0.68 18.2 12.76 
CAB_N 0.82 0.73 - 1.45 18.9 12.27 
δsp = Total solubility parameter  
 
The above explanations are highly applicable to the hydrophilic group consisting of CAP_D and 
CAP_O. Both materials have relatively higher DS (OH) and FFV. Compared to other polymers, 







). It is  possible  that both polymers would undergo high extent of swelling and 
have much greater hydrated free volumes. Their salt permeability (shown in Table 3.3) and FO 
performance (shown in Table 3.4) confirm our hypothesis. Both have a very high salt 
permeability and reverse salt flux. CAP_O shows a higher salt permeability and reverse salt flux 
than CAP_D because the former has a higher FFV than the latter (18.2 vs. 17%) at the dry state. 
Therefore, membranes with higher hydrophilicity will have a higher NaCl permeation due to a 
higher amount of water and larger water clusters available in the selective layer for NaCl 
transport. The existence of larger water clusters may not help FO performance because it may 
also result in higher salt permeation. 
 
For the CAP group with moderate hydrophilicity, their water permeability follows the order of:  
CAP_A > CAP_L > CAP_K  CAP_C > CAP_I, while their salt permeability follows almost the 
same order of CAP_A > CAP_L > CAP_K > CAP_I > CAP_C. Interestingly, their water fluxes 
in the PRO mode follow exactly the same order of water permeability as CAP_A > CAP_L > 
CAP_K  CAP_C > CAP_I, while their reverse flux obeys exactly the same sequence of salt 
permeability as CAP_A > CAP_L > CAP_K >  CAP_I > CAP_C.  
 
Clearly, CAP_I and CAP_C have the best salt rejection performance and almost the lowest ratios 
of reverse salt flux to water flux (Js/Jv). There are many factors contributing to their superior 
performance: (1) they have the lowest dry state FFV ranging from 16.3 – 16.9%; (2) CAP_C has 
a high content of Pr which may lower its swelling tendency as there is a greater resistance to the 
access of water into the free volume as they are shielded by the bulky and hydrophobic Pr side 
chains. (3) CAP_I has a lower solubility parameter of 12.6 as compared to other cellulose esters. 
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As a result, it will not swell much by water and the swelling-induced salt permeation is 
minimized.  Besides, CAP_I has a low DS(OH) of only 0.63, indicating that CAP_I inherently 
does not have many available sites for hydrogen bonding as the carbonyl oxygen atoms on the 
bulky side chains can only partially involve in hydrogen bonding with water due to the spatial 
resistance [215]. Therefore, possessing either a low DS(OH) or a moderate high DS(Pr) is one of 
the keys to have higher salt rejection performance.   
 
Even though CAP_A has a similar FFV of 16.3 with CAP_C and a lower FFV than CAP_I (16.3 
vs. 16.9 %), the CAP_A membrane has a much lower salt rejection performance compared with 
the two others. This is resulting from the following fact: (1) compared to CAP_C, it has a much 
lower Pr content (0.54 vs. 1.10) which may lead to have a higher swelling tendency due to the 
lower steric hindrance in polymer chains. This is further proven by the higher solubility 




) which showed that 
CAP_A indeed can have a higher water-induced swelling. 
 
The situation is slightly different for CAP_K and CAP_L. Both have comparably high DS(Pr) 
(1.69 vs. 1.54) and comparably low DS(OH) (0.65 vs. 0.84). Based on our intuition, they should 
have moderate water fluxes and low salt permeability because of hydrophobic nature of Pr. 
However, their higher FFV values (18.2 & 17.6%) indicate that extra free volume may be created 
among the interstitial space of polymeric chains due to the high amount of Pr substitution which 
leads to an unbalanced chain packing. As a result, both polymers exhibit higher water and salt 
permeability as well as higher water and reverse salt fluxes than CAP_C and CAP_I.  Since 
CAP_L has a higher DS(OH) and a lower DS(Pr) than CAP_K  ((0.84 vs. 0.65) and (1.54 vs. 
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1.69), respectively). The former is more likely to attract water better than the latter. As a 
consequence, CAP_L has a higher solubility parameter and a higher water and salt permeability 
than CAP_K. 
 
For the CAB group, both CAB_M and CAB_N have comparably high free volumes (18.2 vs. 
18.9%). However, the former has a high DS(Ac) of 1.49 and a low DS (Bu) of 0.68, while the 
latter has a low DS(Ac) of 0.73 and a high Ds (Bu) of 1.45. It has been reported that an increase 
in Bu content with decreasing Ac content results in an increase in moisture resistance [217] and 
polymers with a low water uptake may experience a decrease in free volume in hydrated 
environments due to hydrophobic interactions that bring molecular segments closer together with 
a denser packing [218]. As a result, it is no surprise that CAB_N has extremely a low water and 
salt permeability as well as unimpressive FO performance. Compared with other cellulose esters, 
CAB_M exhibits the most balanced FO performance.  
 
It is interesting to point out that CAP_A and CAB_M exhibit almost the same fluxes in both 
PRO and FO modes ((21.4 vs. 21.6 LMH) and (12.0 vs. 11.9 LMH), respectively), but the former 
has much poorer reverse salt fluxes than the latter ((17.5 vs. 10.6 gMH) and (9.5 vs. 5.1 gMH) 
for PRO and FO modes, respectively). Since CAP_A and CAB_M have almost the same 
DS(OH) values (0.82 vs. 0.83), the difference in their reverse fluxes arise from their difference in 
functional groups. CAP_A has a high DS(Ac) of 1.64 and a low DS (Pr) of 0.54, while CAB_M 
has a high DS(Ac) of 1.49 and a low DS (Bu) of 0.68. Since the bulky and hydrophobic Bu side 
chains have greater effects than Pr substituted ones in terms of difficulties for chain packing and 
water permeation, CAB_M has a greater free volume but a lower salt permeability than CAP_A. 
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Consequently, the former has a comparable high water flux but a much lower reverse flux than 
the latter.  
 
In summary, highly hydrophilic cellulose esters yield membranes with a high salt permeability 
but highly hydrophobic cellulose esters may cause defects in the selective layer during phase 
inversion process. The FFV and solubility parameters of the cellulose esters also play important 
roles in determining membrane performance under FO. Membranes with low FFV and solubility 
parameters would give rise to low water and salt permeability and vice versa. Therefore, an 
optimal composition should be chosen in order to give a desirable membrane performance to fit 
the final application. 
 
3.3.5 FO performance of CAB_M membranes at different draw solution concentrations 
 
Figure 3.5 Water fluxes and reverse salt fluxes of CAB_M membranes at PRO and FO modes as a 























































Since CAB_M exhibits the most reasonable performance, its membranes were further tested 
under FO experiments under various draw solution concentrations and using model seawater (3.5 
wt% NaCl) as the feed solution. Figure 3.5 shows the FO performance of CAB_M membranes at 
draw solution concentrations ranging from 0.5M to 2M. The water flux obtained from the PRO 
mode increases steadily while the FO mode water flux reaches a plateau at around 1.0M NaCl 
draw solution. This is caused by the higher severity of ICP in the FO mode resulting from the 
dilution of draw solution within the porous substrate at a higher draw solution concentration.  
Figure 3.6 shows the water flux as a function of draw solution concentration when the feed is 
model seawater. The membrane has a water flux of 8LMH under the PRO mode using a 2M 
NaCl as the draw solution.  
 
 
Figure 3.6 Water fluxes of CAB_M membranes at PRO and FO modes as a function of draw solution 




























We have used cellulose esters with different degrees of substitution of functional groups 
including hydroxyl, acetyl, propionyl and butyryl to fabricate asymmetric membranes via non-
solvent phase inversion. Both RO and FO experiments were conducted in order to measure 
properties such as water and salt permeability, salt rejection as well as FO performance such as 
water and reverse salt fluxes. We examined the complicated relationship among both inherent 
properties and FO performance as a function of DS and functional group.  
 
It has been found that the highly hydrophobic cellulose esters could not form defect-free 
selective layers due to rapid phase inversion under normal standard conditions during the 
membrane formation. Their membranes exhibit low or no NaCl rejection. However, membranes 
with high hydrophilicity also suffer from high salt permeation due to the large extent of swelling 
of polymer chains and expansion of free volume in hydrated environments which favor salt 
transport across the membrane. Therefore, CAP and CAB with moderate hydrophilicity are 
preferred candidate materials for FO membranes. Generally, cellulose esters with higher content 
of bulky side groups tend to have lower salt permeability but also lower water permeability. 
Membranes comprising a high amount of DS(Bu) show a lower water permeability than those 
containing DS(Pr). More fundamental work will be carried out on the intrinsic properties of 





 Chapter 4 Free Volume, Fundamental Water and Salt transport Properties of Novel 
Cellulose Esters and Their Relationships to the Functional Groups 
4.1 Introduction 
Cellulose esters have been one of the most studied materials for reverse osmosis (RO) and 
forward osmosis (FO) membranes in the membrane history [12, 106, 112, 208, 219, 220]. Since 
the invention of non-solvent induced phase-inversion asymmetric membranes made of cellulose 
acetate (CA) [12, 106], membrane technologies have gained much attention as less energy is 
consumed comparing to conventional thermal distillation processes for water reuse and 
desalination [208]. CA gains further attention due to the recent surge in FO research and 
development that aim to compete or replace RO for water production [18, 19, 30, 36, 69, 83, 84, 
94, 121, 214]. Among many cellulose esters, CA received most attention as a FO membrane 
material because of its availability, low cost, high hydrophilicity, easy fabrication and superior 
chlorine resistance. However, CA has problems such as intolerance to harsh pH environments 
which leads to hydrolyzation and biodegradation [84, 94, 208, 219, 220]. Therefore, cellulose 
triacetate (CTA), cellulose acetate propionate (CAP) and cellulose acetate butyrate (CAB) FO 
membranes with better stability have been fabricated and studied [79, 213]. Interestingly, 
distinctive FO performance in terms of water flux and salt rejection has been reported for each of 
these cellulose esters where some showed higher water flux or salt rejection than the other. A 
slight deviation in the degree of substitution of functional groups in cellulose ester polymers may 
result in membranes with quite different FO performance [79, 213]. This phenomenon may be 
attributed to the changes in hydrophilicity and fractional free volume (FFV) because different 
functional groups have different sizes and physicochemical properties. In addition, it has been 
observed that selectivity increases with increasing acetyl content due to the decrease in salt 
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solubility and diffusivity [79]. However, no in-depth studies have been reported on the 
examination of the effect of different ester functional groups on water and salt transport 
properties across cellulose ester membranes at the molecular level yet. 
 
In FO, movement of water molecules across the semi-permeable membrane is induced by the 
chemical potential difference of the two solutions contacting each side of the membrane. The 
solution possessing a higher osmotic pressure is considered as the draw solution because it 
accepts water transport from a water source having a lower osmotic pressure while the semi-
permeable membrane is in charge of rejecting unwanted solutes. Similar to RO, the solution 
diffusion mechanism has been used to describe the water and solute transport in FO since a non- 
porous/dense selective layer is required for FO membranes [1, 174, 221-223]. According to the 
mechanism, water and solutes first dissolve into the surface of the selective layer, then diffuse 
across the polymer matrix along their concentration gradients, and lastly leave the polymer layer 
into the bulk permeate solution. Therefore, the characteristics of membrane’s transport properties 
in terms of water flux and solute rejection are largely determined by the relative solubility and 
diffusivity of water and solutes in the polymer matrix.  
 
Many factors such as material chemistry, hydrophilicity, charge and free volume determine the 
water and solute solubility and diffusivity in a polymer. Quantitatively, one has to measure the 
individual partition coefficient (i.e., solubility) and individual diffusivity of salt and water in 
order to predict the suitability of a membrane material for RO and FO applications [218, 224-
225]. However, the underlying science between water and salt solubility and diffusivity as well 
as between the microscopic free volume of cellulose esters and the polymer chemistry has to be 
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explored in order to determine the best polymer chemistry for FO membranes [186, 187, 222]. 
Positron annihilation lifetime spectroscopy (PALS) is employed in this work for free volume 
evaluation.  
 
PALS has been widely used as a probe for the measurements of free volume, size and 
distribution in polymers and polymeric membranes [181-184, 188, 193, 222, 224]. By analyzing 
the orthopositronium (o-Ps) lifetime and intensity in a material, one can translate the measured 
information into free volume size and intensity of the material. In order to obtain the inherent 
free volume and transport properties of cellulose esters, dense flat films were specially prepared 
in this study so that the influence of membrane fabrication, morphology and processing history 
on transport properties can be minimized. In other words, extensive studies have reported that the 
internal concentration polarization (ICP) plays a significant role on the FO performance of 
asymmetric membranes due to transport resistance in the supporting layer. As a result, the 
measured water flux deviates severely from the theoretical prediction [225-228]. Therefore, it 
would be difficult to accurately correlate the water and salt transport characteristics and the free 
volume properties to the different functional groups in cellulose esters based on the results from 
asymmetric membranes.  
 
To the best of our knowledge, this is the first effort (1) that involves a systematic study of 
synthesized cellulose esters comprising various functional group such as hydroxyl (OH), acetyl 
(Ac),  propionyl (Pr) and butyryl (Bu) with different content, (2) to measure their water uptake, 
salt partition coefficient, water and salt diffusivity, wet and dry free volume size and fractional 
free volume, and (3) to examine the relationship between physicochemical properties and 
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transport properties of cellulose esters. In addition to identifying the optimal cellulose esters with 
high FO potential, this study may reveal the fundamental science to molecularly design advanced 





Eleven proprietary CAP (CAP_A, CAP_C, CAP_D, CAP_E, CAP_F, CAP_I, CAP_K, CAP_L, 
CAP_O, CAP_P, CAP_Q) and 2 proprietary CAB (CAB_M, CAB_N) with different degrees of 
substitution (hereafter referred to as DS) of functional groups were synthesized by Eastman 
Chemical Company (USA). Their properties are summarized in Table 4.1.  
 
Table 4.1 Degrees of substitution (DS) of hydroxyl (OH), acetyl (Ac), propionyl (Pr) or butyryl 
(Bu) functional groups, glass transition temperatures (Tg) and densities of cellulose esters used in 
this study. 







CAP_A 0.82 1.64 0.54 - 187 1.31 
CAP_C 0.89 1.00 1.11 - 176 1.31 
CAP_D 1.14 0.87 0.99 - 173 1.30 
CAP_E 1.29 1.22 0.48 - 178 1.30 
CAP_F 1.30 1.51 0.19 - 180 1.29 
CAP_I 0.63 1.68 0.69 - 186  1.30 
CAP_K 0.65 0.65 1.69 - 169 1.28 
CAP_L 0.84 0.62 1.54 - 174 1.29 
CAP_O 1.10 1.31 0.59 - 187 1.28 
CAP_P 0.35 1.31 1.34 - 162 1.27 
CAP_Q 0.09 1.47 1.44 - 162 1.24 
CAB_M 0.83 1.49 - 0.68 180 1.28 






Figure 4.1 Chemical structures of cellulose ester polymers where R can be substituted by different 
functional groups to form CA, CAP and CAB. 
 
The polymer structure of cellulose ester is illustrated in Figure 4.1. There are three sites available 
for functional group substitution on each cellulose ester repeating unit. Therefore, the maximum 
degree of substitution for a functional group on cellulose ester is three. These polymers were 
dried at 120
oC in a vacuum oven overnight prior to usage. Acetone (≥99.5%), N,N-dimethyl 
formamide (DMF, ≥99.5%),  ethanol (≥99.5), NaCl (≥99.5) and N-methyl-2-pyrrolidone (NMP, 
≥99.5%) were purchased from Merck, Singapore. The deionized (DI) water used in experiments 
was produced by a Milli-Q unit (Millipore, USA) at a resistivity of 18 MΩ cm-1. 
 
4.2.2 Dense film preparation 
For better accuracy, thick films of 100 – 150µm were used for PALS, water uptake and salt 
partition coefficient measurements. Except CAP_E and CAP_F which are insoluble in acetone, 
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all other films were prepared by dissolving cellulose esters in acetone to form 5wt% solutions.  
DMF was used for the preparation of CAP_E and CAP_F films. All polymer solutions were 
filtered through 5µm syringe filters, cast into clean Petri dishes and then the Petri dishes were 
kept in ovens at 45
o
C for 2 days for solvent evaporation to obtain the thick films. When DMF is 
used as the solvent, the oven temperature is set at 85
o
C. The thick films were then further dried 




Thin films of 15 - 20µm were prepared for the measurements of water and salt permeability. All 
cellulose esters were dissolved in DMF at 10wt% concentration. The polymer solutions were cast 
on clean glass plates using a 250µm casting knife. The as-cast films with glass plates were 
placed in ovens at 80
o
C overnight for solvent evaporation. Then thin cellulose ester films were 
peeled off from glass plates and placed into a vacuum oven at 80
o





C. The films were then kept at 120
o
C in the vacuum oven for overnight. 
Before characterizations, the thick and thin dense films were heated 20
o
C above their respective 
Tg for 10 minutes and immediately quenched to room temperature. The thick films were used 
immediately for PALS, water uptake and salt partition evaluation to prevent absorbing water 
from atmosphere. Unused films were kept in desiccators. 
 
4.2.3 Positron annihilation lifetime spectroscopy (PALS) 
The positron annihilation lifetime spectra were recorded using a fast-fast coincident PAL 
spectrometer. The channel width of the system is 48.8ps/channel. For each dense membrane 
sample, it was cut into many small pieces and divided into two equal stacks with a thickness of at 
least 500µm. The positron source was quickly sandwiched between the dense film stacks and 
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packed into a sealed sample chamber. For PALS measurements of dry thick films, the sample 
chamber was kept dry using silica gel. For wet PALS evaluation, the films were first immersed 
in DI water for three days and surfaces were lightly patted dry with filter papers before packing 
into the water saturated sample chamber. 
 
The PALS data provide quantitative information on the size and distribution of free volume and 
the fractional free volume of the dense films. The data were processed using PATFIT and MELT 
programs to analyze the o-Ps lifetime and its distribution. The mean free volume radius can be 
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R is the free volume radius and ∆R is the electron layer thickness, which was set to 1.66Å and 𝜏3 
is the o-PS lifetime. The o-Ps intensity, I3 is usually considered to reflect the information on free 
volume density or concentration in the polymers. FFV was calculated based on the Williams-




VIFFV 30018.0(%)           (2) 
The free volume sizes, V of both dry and wetted films were estimated using the free volume radii 












4.2.4 Equilibrium water uptake and salt partition coefficient measurements 
Equilibrium water uptake was measured using dried thick films. The weights of dry films were 
taken before immersing into de-ionized (DI) water at room temperature for three days to 
equilibrate water sorption. The wetted thick films were then removed from the DI water and the 
surfaces were gently patted dry using filter papers and then weighted again. The equilibrium 
water uptake was calculated based on the weights of wet (mw) and dry (md) films for respective 
cellulose esters: 
Equilibrium water uptake =
mw -md
md
´100%       (4) 
The water partition coefficient, Kw was defined as the ratio of water concentration in the 











           (5) 
The units of Kw are [g H2O/cm
3
 swollen polymer]/[g H2O/cm
3
 solution]. For relatively dilute 
solutions, Cw,F is approximately equals to the density of pure water [174]. 
 









       (6) 
The wet thick films were immersed in a 3.5wt% NaCl solution over three days for salt uptake. 
The total amount of NaCl absorbed by the thick films was determined by extracting the NaCl 
back into a known amount of ultra-pure water. The salt concentration was then measured by a 




4.2.5 Pure water and salt permeability measurements 
Pure water permeability, Pw (cm
2
/sec/bar), was measured using a dead-end filtration system at 
room temperature. The effective membrane area was 9.62cm
2
 with DI water as the feed solution. 
The applied hydraulic pressure was 13 bar and the system was conditioned for 12 hours or longer 
until consistent results were obtained. The pure water permeability was calculated from the 
volume of permeated water (V) multiplied by the membrane thickness (∆x) over a fixed duration 







          (7) 
Salt permeability, Ps (cm
2
/sec), was measured using a static permeation cell. The testing sample 
was placed between two solution chambers of equal volume containing DI water and a 3.5wt% 
NaCl solution, as shown in Figure 4.2. Continuous stirring was applied to minimize external 
concentration polarization.  
 
 




The salt content in the DI water chamber over a fixed duration ∆t was determined using the ion 








           (8) 
where ∆Cs is the salt concentration difference between the solution chambers separated by the 
membrane over the period of ∆t and V’ is the water volume in the chamber. 
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where Cf and Cp are the salt concentrations at the feed and permeate solutions, respectively. 
 
4.2.6 Water and salt diffusivity 
According to the solution diffusion model [1, 174, 221], the water and salt diffusivity, referred to 
as Dw (cm
2
/sec) and Ds (cm
2
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where wV is the partial molar volume of water and Cw is the water concentration in the membrane. 
 
4.2.7 Water/salt selectivity 
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4.3 Results and discussion 
4.3.1 Free volumes of cellulose ester films 
Figures 4.3 and 4.4 plot the basic free volume characteristics of 13 cellulose ester films measured 
by PALS under both dry and hydrated states against their respective DS(OH). The lines in Figure 
4.3 and 4.4 were obtained by linear regression without considering 2 CAB. From Figure 4.3, 




 as DS(OH) increases for CAP. This could 
be attributed to the increase in hydrogen bond interactions with a higher DS(OH) that results in a 
denser polymer chain packing in the dry state.  
 
 
Figure 4.3 Free volume sizes (V
dry
) and fractional free volumes (FFV
dry
) of dry cellulose ester films 
against the degree of substitution of hydroxyl group (DS(OH))*  




In order to understand the influence of bulky functional groups (Pr and Bu) on free volume 




 of cellulose esters at similar DS(OH). For CAB_M 





 as compared to CAB_M (DS(Bu) = 0.68). This arises from the fact that a large content of 
bulky functional group would cause high steric hindrance and result in poor chain packing which 
increases the distance between polymer chains. A similar trend can be also observed when 
comparing CAP pairs of CAP_Q vs. CAP_P, CAP_K vs. CAP_I, CAP_L vs. CAP_C, and 




. However, CAP_F and 










 compared to CAP_C even though the former has a lower DS(Pr). The higher than 
expected V
dry
 may be due to the fact that PALS only detects free volume which is accessible by 
positrons. A smaller free volume which is not accessible by the positrons but present in the 
polymer may not be detectable by PALS [174]. Although we expect CAP_A, CAP_E and 
CAP_F have high intensity of free volume because of their high DS(OH) and very low DS(Pr) 
content,  their free volumes are too small to be inaccessible by positrons possibly due to strong 
hydrogen bond interactions. When small free volume sites are inaccessible by positrons, the 
detected o-Ps lifetime appears to be larger than the actual free volume size. On the other hand, 
the o-Ps intensity reflected by PALS for CAP_A, CAP_E and CAP_F may be smaller than actual. 
Since the FFV is a function of o-Ps lifetime and intensity multiplication, the FFV
dry
 results for 





Figure 4.4 Free volume sizes (V
wet
) and fractional free volumes (FFV
wet
) of wet cellulose ester films 
against the degree of substitution of hydroxyl group (DS(OH))* 
*The solid line was plotted by linear regression without  considering 2 CAB variants 
 
Figure 4.4 shows the free volume data of wetted cellulose ester films plotted against DS(OH). 
The FFV
wet
 has a clear decreasing trend with increasing DS(OH) for CAP variants. However, no 
clear trend can be drawn for V
wet




Figure 4.5 Percentage variation in free volume size at wet state compared to that at dry state against the 
degree of substitution of hydroxyl group (DS(OH)). 
 
The percentage variation of free volume sizes at wet state compared to that at dry state was 
plotted against the DS(OH) in Figure 4.5. According to the plot, the free volume size generally 
increases upon hydration as compared to the dry state due to the water-induced plasticization 
except for CAP_K and CAB_N which experienced a decrease in free volume size upon 
hydration. Figure 4.5 also suggests that the increment in free volume size is especially prominent 
for cellulose esters with high DS(OH) values such as CAP_A, CAP_C, CAP_D, CAP_E and 
CAP_O. Their free volume sizes exhibit an increment of 9 – 15% as they are hydrophilic that 
leads to higher extent of plasticization. On the contrary, cellulose esters with low DS(OH) values 

































































as CAP_L and CAB_M only experience very slight increases in their free volume sizes of about 
0.6 – 2% due to steric hindrance and low water uptake. Surprisingly, cellulose esters comprising 
very high content of bulky functional group such as CAP_K (DS(Pr) = 1.69) and CAB_N 
(Pr(Bu) = 1.45) show slight decreases in free volume size. In addition to the steric hindrance and 
hydrophobicity of these bulky functional groups that reduce water sorption and therefore 
minimize plasticization, hole-filling effects may become a dominant factor causing a decrease in 
apparent free volume size measured by PALS. Besides, CAP_F which has a high DS(OH) shows 
a lower-than-expected increment in free volume size at wet state. This may be due to the fact that 
CAP_F has the lowest bulky propionyl content (DS(Pr) = 0.19) which gives rise to a higher 
number of available free volume sites for water molecules to reside within the polymer matrix. 
Even though the free volume sizes for hydrophilic cellulose esters may be small, the availability 
of free volume sites may be higher due to a less amount of bulky side group which results in a 
lower extent of plasticization. 
 
A comparison of FFV values between Figures 4.3 and 4.4 indicates that there is a decrease in 
FFV value in the wet state as compared to that of the dry state. This phenomenon has been 
reported elsewhere [174]. The high water uptake in polymer chains would reduce the FFV
wet
 
values obtained from PALS since water molecules may occupy some free volumes in the 
interstitial space of plasticized polymer chains. The water uptake of cellulose ester films will be 
further discussed in later parts of this paper. 
 
4.3.2 Equilibrium water uptake, salt partition coefficient, Ks and solubility parameters 
The equilibrium water uptake, salt partition coefficient, Ks and solubility parameter of each 
cellulose ester were determined. The total solubility parameters of cellulose esters were 
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calculated using the method described in Ref. [193]. To examine the correlation between 
equilibrium water uptake and the content of functional groups, Figure 4.6 plots the equilibrium 
water uptake against DS(OH) values of cellulose ester films.  
 
 
Figure 4.6 Equilibrium water uptake vs. the degree of substitution of hydroxyl group (DS(OH))* 
*The solid line was plotted by linear regression without considering 2 CAB variants 
 
Since a higher hydroxyl content usually leads to higher hydrophilicity and higher water solubility, 
the equilibrium water uptake shows an increasing trend as DS(OH) increases. Similarly, the 
correlation between equilibrium water uptake and bulky functional group can be examined by 
comparing cellulose esters at similar hydroxyl content. It can be concluded that an increase in the 
content of bulky functional groups results in a decrease in equilibrium water uptake due to the 
increase in hydrophobicity caused by the bulky functional groups. For example, CAB_N which 










































a DS(Bu) of 0.68 even though they have a similar DS(OH) ≈ 0.8. This trend can also be observed 
for the rest of the cellulose ester films. 
 
In Figure 4.7, salt partition coefficient was plotted against DS(OH). Similarly, the salt partition 
coefficient also increases with increasing DS(OH). This implies that cellulose esters with higher 
hydroxyl content tend to have higher solubility towards salt. This coincides well with findings in 
previous literatures that salt can only dissolve into the polymer matrix with the aid of solvent 
molecules [79].  
 
 
Figure 4.7 Salt partition coefficient vs. the degree of substitution of hydroxyl group (DS(OH))* 














































The trend for salt partition coefficient correlates well with this claim where a higher equilibrium 
water uptake translates to a higher salt partition coefficient. Therefore, it can be concluded that 
higher hydroxyl content will lead to a high salt solubility in cellulose esters due to high water 
content. Whereas an increase in the content of bulky functional group decreases the salt partition 
coefficient due to a lesser absorbed amount of water which acts as the medium for salt to 
dissolve into the polymer. 
 
 
Figure 4.8 Equilibrium water uptakes vs. the solubility parameters of cellulose ester films 
*The solid line was plotted by linear regression. 
 
Besides, we also compare the measured equilibrium water uptake to the calculated solubility 
parameters of cellulose esters from empirical formula. As shown in Figure 4.8, the equilibrium 















































, cellulose esters which have higher solubility 
parameters tend to have higher equilibrium water uptakes. Cellulose esters with high DS(OH), 
namely CAP_D, CAP_E, CAP_F and CAP_O, have high solubility parameters (>13.5) and 
exhibit high equilibrium water uptakes whereas hydrophobic cellulose esters (CAP_P, CAP_Q, 
CAB_N and CAP_K) have low solubility parameters (<12.5) and low equilibrium water uptakes.  
 
4.3.3 Permeability and diffusivity characteristics of various cellulose esters 
Figure 4.9 show the plots of pure water permeability Pw and salt permeability Ps against the 
DS(OH) of cellulose esters evaluated in this study on log-normal scales.  
 
 
Figure 4.9 Pure water permeability (Pw) and salt permeability (Ps) against the degree of substitution of 
hydroxyl group (DS(OH))* 





Table 4.2 tabulates the calculated water and salt diffusivities. Variations of a 2-order difference 
in Pw and a 3-order difference in Ps can be observed across these 13 cellulose esters. 
 
Table 4.2 Water diffusivity coefficients Dw and salt diffusivity coefficients Ds of cellulose ester 
films. 
Polymer  
















CAP_A 9.83 1.37 
CAP_C 11.2 0.152 
CAP_D 7.61 0.430 
CAP_E 180 28.5 
CAP_F 222 5.82 
CAP_I 8.16 0.413 
CAP_K 51.7 0.0815 
CAP_L 43.1 0.134 
CAP_O 82.1 19.1 
CAP_P 4.67 0.0113 
CAP_Q 4.82 0.00325 
CAB_M 5.45 0.0106 
CAB_N 13.9 0.211 
 
From Figure 4.9 (left), it can be seen that similar to the trend in water uptake, cellulose esters 
with high hydrophilicity such as CAP_E, CAP_F and CAP_O have Pw values of one magnitude 
order higher than other cellulose esters. Both CAB_M and CAB_N suffer from low water 
permeability while hydrophobic CAP variants (CAP_P and CAP_Q) also show extremely low Pw 
values. For the salt permeability plot on Figure 4.9 (right), cellulose esters with low hydroxyl 
group content have reasonably low Ps values especially for both CAB_M and CAB_N, CAP_P, 
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CAP_Q and CAP_K. Similar to the salt partition coefficients, CAP_A, CAP_D, CAP_E, CAP_F 
and CAP_O which have high hydrophilicity exhibit high salt permeability. 
 
However, in order to determine the potential of these cellulose esters for desalination 
applications, the diffusivity characteristics of water and salt through the polymers have to be 
further evaluated. The diffusivity coefficients may serve as a better gauge to predict the 
selectivity of each cellulose ester when separating salt from water, as discussed in terms of 
selectivity in the next section. 
 
4.3.4 Solubility selectivity, αK, and diffusivity selectivity, αD 
In order to have a clear understanding and performance prediction of various cellulose esters in 
desalination processes, we examine their water/salt selectivity from the fundamentals of the 
solution-diffusion mechanism where the overall water/salt selectivity is a product of water/salt 
solubility selectivity and water/salt diffusivity selectivity.  
 
Figure 4.10 Solubility selectivity αK vs. the degree of substitution of hydroxyl group, propionyl group or 
butyryl group for various cellulose esters* 
*The solid lines were plotted by exponential regression without considering 2 CAB variants 
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Figure 4.10 (left) shows the solubility selectivity as a function of hydroxyl group DS(OH), while 
Figure 4.10 (right) as a function of bulky functional groups (i.e., propionyl for CAP and butyryl 
for CAB) using a log-normal scale. Clearly, solubility selectivity decreases as hydroxyl content 
increases but increases with increasing bulky functional group. This is due to the fact that salt 
partition coefficient Ks increases significantly as water uptake of the polymer increases even 
though Ks is usually much smaller than the water uptake when water partition coefficient Kw is 
less than 0.2, as pointed out by Yasuda et al. [212]. Since a lower DS(OH) and a higher DS(Pr) 




Figure 4.11 Diffusivity selectivity αD vs. the degree of substitution of hydroxyl group and propionyl 
group or butyryl group for various cellulose esters* 
*The solid lines were plotted by exponential regression without considering 2 CAB variants 
 
Figure 4.11 displays the diffusivity selectivity as a function of DS(OH) and DS(Pr) or DS(Bu) in 
a log-normal scale. From the left plot, diffusivity selectivity tends to decrease with an increase in 
DS(OH), while an opposite trend is observed from the right plot where diffusivity selectivity 
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increases with increasing bulky functional group. Similar explanations may be applicable for 
Figure 4.10 to Figure 4.11. In other words, a high DS(OH) enhances salt diffusion, where a high 
content of hydrophobic  bulky groups retards it.  However, for the pair of CAB_M and CAB_N, 
CAB_N has a lower diffusivity selectivity than CAB_M even though the former has a higher 
content of butyryl group (DS(Bu) = 1.45) than the letter (DS(Bu) = 0.86). This could be 
attributed to the bulkiness of the butyryl functional group which not only causes a poorer chain 
packing due to steric hindrance but also leads to a high salt and water diffusivity as shown in 
Table 4.2. Free volumes measured from PALS also support the above argument. As shown in 
Figures 4.3 and 4.4, CAB_N has a much higher free volume size and fractional free volume than 
CAB_M in both dry and wet states. As a result, CAB_N has poor diffusivity selectivity.  
 
The correlation between water partition coefficient Kw and the solubility selectivity αK is 
presented in a log-log plot shown in Figure 4.12.  
 
Figure 4.12 Correlation between water partition coefficient Kw and solubility selectivity αK. The straight 
line was plotted using the empirical upper bound relation Kw/Ks = λK/(Kw)
βK
 proposed by Geise et al. [45] 




























As mentioned earlier, the solubility selectivity decreases as water partition coefficient increases. 
Geise et al. have reported the existence of an upper bound based on the literature data on 
fundamental salt and water transport properties measured on polymers such as crosslinked 
polyethylene glycol hydrogel, crosslinked polyamides and cellulose acetate [224]. This 
phenomenon is similar to the existence of upper bound in gas separations. In their work, 
empirical upper bound relations for both solubility selectivity and diffusivity selectivity were 
identified and plotted in Figures 4.12 and 4.13 for reference. Surprisingly, the correlations 
between water partition coefficient and solubility selectivity of cellulose esters are close to the 
upper bound suggested by Ref. [224]. 
 
 
Figure 4.13 Correlation between water diffusivity coefficient Dw and diffusivity selectivity αD. The 
straight line was plotted using the empirical upper bound relation Dw/Ds = λD/(Dw)
βD
 proposed by Geise et 





























Figure 4.13 plots the correlation between water diffusivity Dw and diffusivity selectivity αD in a 
log-log scale. CAP_K, CAP_L, CAP_P, CAP_Q and CAB_M are the few cellulose esters which 
not only exhibit the highest diffusivity selectivity but also reasonably high water diffusivity 
among the cellulose esters evaluated in this study. Among the cellulose esters, CAP_K, CAP_P 
and CAP_Q show the best performance in overall selectivity in terms of both solubility and 
selectivity. However, the values of diffusivity selectivity of the cellulose esters fall slightly 
below the upper bound suggested in Ref. [224]. 
 
4.4 Conclusions 
The fundamental transport properties namely the partition coefficient, free volume, permeability 
and diffusivity of various novel cellulose esters have been evaluated and correlated to their 
functional groups in this study. Cellulose esters with high hydroxyl content result in a high water 
and salt uptake but suffer from low solubility and diffusivity selectivity. The bulky and 
hydrophobic functional groups tend to enhance the performance of cellulose esters for 
desalination applications due to a higher solubility and diffusivity selectivity. However, a much 
higher content of bulky functional groups may deteriorate cellulose esters’ selectivity due to 
enlarged free volume sizes caused by steric hindrance, as confirmed by PALS data. In conclusion, 
cellulose esters with moderate content of both hydroxyl and bulky side groups exhibit the best 
diffusivity selectivity and may be suitable as membrane materials for water and salt separation. 
This work also observes the existence of an upper bound relationship between solubility 
selectivity and water partition coefficient as suggested in previous literatures.  
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Chapter 5 Novel Hydrophilic Cellulose Ester Supported Thin Film Composite Forward 
Osmosis Membranes 
5.1 Introduction 
Forward osmosis (FO) is an emerging technology for water production [17, 18, 30]. In FO, a 
semi-permeable membrane, which is permeable to water while rejecting others, is used as the 
core of separation. The driving force for water transfer is the osmotic pressure gradient across the 
membrane. Compared to pressure-driven reverse osmosis (RO) and thermally-driven multi-stage 
flash distillation (MSF) processes, FO is attractive due to (1) lower fouling propensity; [24, 66] 
(2) higher water recovery; (3) mild operating conditions and (4) lower energy consumption if 
using glucose and fertilizer as draw solutes without considering regeneration or when coupled 
with low-pressure RO process [8, 44, 69]. 
 
Breakthroughs on FO membranes have been made rapidly in the last decade. Various phase-
inversion [95, 180], thin-film composite [109, 131, 135, 136, 140, 229, 230] and layer-by-layer 
(LbL) membranes [148-167] have been developed. Generally, high performance FO membranes 
must consist of the following characteristics: (1) a thin, hydrophilic and highly porous supporting 
layer for better water transport and low internal concentration polarization (ICP); (2) a thin 
selective layer with good salt rejection and high water permeability; and (3) reasonably good 
anti-fouling properties. In addition, macrovoids within the membrane supports may not be 
desirable as they are weak mechanical points and may result in membrane failure under vibration 
and washing operations [109, 140] Thin-film composite (TFC) membranes synthesized on 
hydrophilic substrates tend to display superior FO performance compared to those on 
hydrophobic substrates as well as LbL membranes [109, 110, 137 ] Since the polyamide layer in 
134 
 
TFC membranes is formed via interfacial polymerization, this allows membrane scientists to 
tailor the membrane support and the selective layer separately in order to maximize the 
membrane performance.  
 
So far, TFC-FO membranes were fabricated using substrates made of polysulfone [131, 136], 
polyethersulfone [110, 140], polyimide-amide [231] and their sulfonated materials [109, 135, 
137, 230].  These materials are relatively expensive. Since cellulose esters have many advantages 
such as vast availability, low cost, high hydrophilicity, easy fabrication and superior chlorine 
resistance, they may be ideal substrate materials for high-performance TFC-FO membranes. 
Therefore, the first objective of this study is to explore if we can combine the strengths of both 
cellulose esters and TFC and design superior FO membranes for water reuse and seawater 
desalination. Fundamental studies on membrane formation and transport properties including salt 
and water partition coefficients, permeability and diffusivity, wet and dry free volume size and 
fractional free volume of cellulose esters comprising various functional groups such as hydroxyl 
(OH), acetyl (Ac), propionyl (Pr) and butyryl (Bu) have been studied in the earlier part of this 
thesis. The cellulose ester containing a high degree of OH and a moderate degree of Pr 
substitutions was chosen as the substrate material in this study because it has a water 
permeability of one magnitude order higher than other cellulose esters. In addition, this material 
possesses an extremely high water partition coefficient but a very low solubility selectivity. As a 
result, it would have an intrinsically high water flux with minimal ICP as the substrate material 
for TFC-FO membranes. A cellulose ester comprising moderate degrees of OH and Bu 




The second objective of this study is to explore if we can further enhance the FO performance of 
the newly developed TFC membranes by post-treatments. So far, most TFC-FO membranes 
reported in literatures were subjected to no post-treatment or simple heat treatment after 
interfacial polymerization. Since glycerol and sodium dodecyl sulphate (SDS) post-treatments 
have shown effectiveness to augment the performance of RO membranes [232], it would be 
worthwhile to study their effects on FO membranes and investigate the post-treatment-induced 
microscopic changes on the free volume size and intensity by positron annihilation lifetime 
spectroscopy (PALS). To the best of our knowledge, this is the first report using the proposed 
cellulose ester as the substrate for TFC-FO membranes and also the first time examining the 
effects of glycerol and sodium dodecyl sulphate (SDS) post-treatments on free volume by means 
of PALS. These studies may open up new insights to molecularly design advanced FO 
membranes for water reuse and seawater desalination.   
 
5.2 Materials and Methods 
5.2.1 Fabrication of cellulose ester membrane supports 
As aforementioned, the cellulose acetate propionate (CAP) containing a high degree of OH and a 
moderate degree of Pr substitutions (referred to as CAP-O thereafter) and the cellulose acetate 
butyrate (CAB) comprising moderate degrees of OH and Bu substitutions (referred to as CAB-
M) were used for the fabrication of membrane supports. Proprietary cellulose esters with 
different degrees of substitution (DS) of functional groups, namely hydroxyl (OH), acetyl (Ac), 
propionyl (Pr) and butyryl (Bu) groups, were synthesized by Eastman Chemical Company 
(USA). The degree of substitution refers to the average number of ester functional groups 
attached on an anhydroglucose unit of cellulose. Their chemical structures and properties are 
136 
 
summarized in Figure 5.1. N-methyl-2-pyrrolidone (NMP, >99.5%, Merck), polyethylene glycol 
400 (PEG, Mw = 400 gmol
-1
, Sigma-Aldrich) and deionized (DI) water were used as the solvent 
and additives, respectively. DI water was produced by a Milli-Q unit (Millipore, USA) at a 
resistivity of 18 MΩ cm. The cellulose ester polymers were dried at 120oC overnight in a 
vacuum oven prior to use. m-Phenylenediamine (MPD, ≥ 99%, Tokyo Chemical), trimesoyl 
chloride (TMC, 98%, Sigma-Aldrich), sodium dodecyl sulphate (SDS, ≥ 99.0%, Sigma-Aldrich), 
glycerol (≥ 99.5%, Sigma-Aldrich) and hexane (>99.9%, Fisher Chemicals) were used during 
interfacial polymerization and post-treatments. For forward osmosis (FO) tests, sodium chloride 
(NaCl, ≥99.5%, Merck) was used to prepare the draw solutions and model seawater by 
dissolution in DI water.  
 
 






The membrane casting solutions consisted of 10 wt% cellulose ester, 42 wt% N-methyl-2-
pyrrolidone (NMP) as the solvent, 42 wt% PEG400 and 6 wt% deionized (DI) water as additives. 
Thin layer of cellulose ester membranes were cast on a smooth and hydrophilic glass plate using 
a 100µm casting knife and then immersed immediately in a water coagulant bath at room 
temperature for phase inversion. The as-cast membranes were gently peeled off from the glass 
plate and then soaked in a tap water bath at room temperature overnight to remove the residual 
solvent and additives. The membrane supports were then preserved in a 50 wt% glycerol 
aqueous solution for 1 day before interfacial polymerization. 
 
5.2.2 Interfacial polymerization and post-treatment methods of flatsheet TFC-FO 
membranes 
The cellulose ester membrane support was first immersed in a 2 wt% MPD aqueous solution for 
2 minutes. After that the excess MPD solution was removed by purging a sweeping air for 30 
seconds. The membrane support top layer was contacted with TMC dissolved in hexane at a 
concentration of 0.05 wt% for 2 minutes for polymerization to occur. After removing the TMC 
solution, the membrane was dried in air for 2 minutes before storing in DI water prior to testing. 
Some of the TFC-FO membranes were subjected to two different post-treatment methods. Post-
treatment method 1 involves the immersion of the TFC-FO membranes in a (0.3 wt%/1 wt%) 
SDS/glycerol aqueous solution for 15 minutes. The post-treated TFC membranes were then 
immersed in DI water before testing. Some membranes were subjected to the post-treatment 
method 2 by firstly immersing the SDS/glycerol treated TFC-FO membranes in DI water for 1 
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minute followed by heat treatment at 60
o
C for 1 minute in an oven. The treated TFC membranes 
were stored in DI water prior to use. 
 
5.2.3 Characterizations of cellulose ester membrane supports and TFC-FO membranes 
The pore size distributions of cellulose ester membrane supports were carried out using methods 
described in previous literatures [16, 26]. The cellulose ester membrane supports and TFC-FO 
membranes were freeze-dried (ModulyoD, Thermo Electron Corporation, USA) and their 
structures were evaluated using field emission scanning electron microscopy (FESEM). The 
membrane cross-sectional images were obtained by fracturing the membranes in liquid nitrogen. 
The samples were coated with platinum using a JEOL-JFC-1300 coater before analysis. The 
freeze-dried cellulose ester membrane supports were evaluated for their contact angles using 
Contact Angle Geniometer (Rame Hart, USA) using DI water at 22.5 ± 0.5 
o
C. The cellulose 







abbreviated as LMH/bar) using a dead-end filtration cell as described in the previous work at 1 
bar [11]. The porosities of membrane supports were measured by carefully removing excess 
water droplets on the wetted surface by filter paper. The wet membrane was then weighed (m1, 
g), freeze dried overnight and weighed again (m2, g). The overall porosity, 𝜀 was calculated 
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where  w is the density of water (1.00 g/cm
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The free volume radii and fractional free volume (FFV) of selective layers of the TFC-FO 
membranes were characterized by PALS. PALS analyses were conducted at positron incident 
energy of 0.8 keV, which translates to the depth of 21.5 nm, and each spectrum contains 2 
million counts. The data were fitted into three lifetimes using the PATFIT program. The o-Ps 
lifetime 𝜏3 decreases when it is trapped in molecular “holes” and annihilated with electrons in 
the walls of the holes. It is reported that the o-Ps lifetime is in the order of 1 – 5 ns and is used to 
calculate the mean free volume radius [181]. The positron penetration depth can be calculated 
from the positron incident energy E
+
 (keV) using the following equation:  
  6.140   EE

            (2) 
where Z is the depth in nm,   is the density of the polymer material in g/cm3 [181]. 
 
5.2.4 Forward osmosis tests 
FO experiments were conducted using methods as described in section 2.27 of this thesis. 
Volumetric flow rates for both feed and draw solutions were 0.2 L/min. NaCl solutions of 
various concentrations were used as draw solutions whereas DI water and 3.5 wt% NaCl solution 
(model seawater) were used as feeds. The experiments were conducted at 22 ± 1 
o
C.   
 
5.2.5 Determination of transport and structural parameters 
The water permeability coefficient (A), salt permeability coefficient (B) and structural parameter 
(S) of the best-performing TFC FO membrane was determined by adopting the Excel-based 
algorithm developed by Tiraferri et al. [233]. The method allows the simultaneous determination 
of A, B and S parameters of FO membranes by dividing the FO experiment into discrete number 
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of stages. In this work, the experiments were carried out in four stages using different draw 
solution concentrations. In this method, the membrane reflection coefficient, σ was assumed to 
have a value of 1. It was recommended that the coefficient of determination, R
2
 for both water 
and salt fluxes to be higher than 0.95 and the coefficient of variation (CV) calculated between 
Jv/Js values of the different stages in the experiment to be around 10%. 
 
5.3 Results and Discussion 
5.3.1 Characteristics of cellulose ester membrane supports  
Cellulose ester membrane supports cast in this study have morphology shown in Figure 5.2.  
 
 
Figure 5.2 FESEM micrographs of (a) CAP-O and (b) CAB-M membrane supports. 
 
Their water contact angles, porosities, mean pore size µp, molecular weight cut-off (MWCO), 
PWP, as well as other basic transport properties are tabulated in Table 5.1. CAP-O containing a 
higher hydroxyl group content shows a lower water contact angle as hydroxyl content enhances 
hydrophilicity. Both CAP-O and CAB-M membrane supports have impressively high porosities 
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of over 90%. As a result, the CAP-O and CAB-M membrane supports displayed extremely high 
PWP values of 1456 and 1165 LMH/bar respectively. 
 
Table 5.1 Summary of Water Contact Angle, Porosity, Mean Effective Pore Size (µp), MWCO, 
and PWP of Cellulose Ester Membrane Supports 
membrane substrate  CAP-O  CAB-M  
water contact angle, 𝜃 (o)  58.3 ± 2.7  64.5 ±  2.5  
porosity (%)  91.5 ± 0.2  90.8 ± 0.0  
mean pore size, µp (nm)  13.5  10.5  
MWCO (Da)  123 816  61 679  
PWP (LMH/bar) at 1 bar  1456 ± 33  1169 ± 12  






0.0866 ± 0.0012  0.0164 ± 0.0003 





































Figure 5.3 Pore size distributions of CAP-O and CAB-M membrane supports. 
 
Figure 5.3 shows their pore size distributions. The mean pore sizes of the top surfaces are 13.5 
nm and 10.5 nm respectively for the CAP-O and CAB-M membrane supports. From FESEM 
micrographs in Figure 5.2, the membrane supports have a macrovoid-free and fully sponge-like 
structure with inter-connecting pores. The bottom surfaces have large pores while the top surface 
has a smooth structure without any visible pores at a magnification of 10,000. This fully porous 
and asymmetric structure was formed with the aid of a large amount of PEG400 in casting 
solutions and the unique material characteristics of cellulose acetates. PEG is known to enhance 
pore formation, improve pore connectivity and prevent macrovoid formation [137]. Besides, the 
highly hydrophilic PEG tends to establish interactions with the hydrophilic casting substrate and 
forms large pores at the membrane bottom surface [84].
 
Due to the favorable interactions 
between PEG and the casting plate, PEG would leach out from the as-cast membrane support 
from its bottom surface during phase inversion and result in a very porous bottom surface but a 






































polymerization. In addition, cellulose esters are known to have desirable characteristics to form 
open-cell sponge-like structures with inter-connecting pores as proven in our previous works. 
Therefore, the novel cellulose esters used in this study are suitable for forming TFC-FO 
membrane supports with high porosities via simple phase inversion technique.  
 
5.3.2 Characteristics of TFC-FO membranes subjected to various post-treatment methods 
 
Figure 5.4 FESEM micrographs of (a) TFC-O-I, (b) TFC-O-II and (b) TFC-M-II membranes. 
 
The TFC-FO membranes made from CAP-O and CAB-M membrane supports were subjected to 
different post-treatments and named accordingly. TFC-O, TFC-O-I and TFC-O-II refer to TFC-
FO membranes fabricated from CAP-O membrane supports subjected to no post-treatment, 
method 1 and method 2 post-treatments, respectively. TFC-FO membranes fabricated from 
CAB-M membrane supports are named similarly as TFC-M, TFC-M-I and TFC-M-II. Figure 5.4 
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shows the structures of TFC-O-I, TFC-O-II and TFC-M-II membranes. Compared to TFC-O-I 
and TFC-O-II membranes, the TFC-M-II membrane displays different polyamide selective layer 
morphology. The TFC-FO membranes derived from CAP-O membrane supports possess a high 
number of small ridge-and-valley structures on the selective layer while the TFC-M-II membrane 
has a selective layer with larger and continuous globular structures. These morphological 
differences may be resulted from the combination effects of lower hydrophilicity and lower 
mean pore size of the CAB-M membrane support.  
 
5.3.3 Forward osmosis performance of TFC-FO membranes 
Table 5.2 summarizes the FO performance of the newly developed TFC-FO membranes under 
both PRO and FO modes using DI water and 1M NaCl as the feed and draw solution, 
respectively. The water fluxes of TFC-FO membranes fabricated from the CAP-O membrane 
support outperform those from the CAB-M membrane support because the former support has 
much higher water uptake and water permeability than the latter support as reported in Table 5.1.  
 























TFC-O 76.3 ± 1.0 11.8 ± 3.1 0.15 
 
52.3 ± 2.7 7.2 ± 1.5 0.14 
TFC-M 37.6 ± 0.3 6.7 ± 0.5 0.18 
 
35.9 ± 1.5 7.0 ± 1.5 0.19 
method 1 
TFC-O-I 85.9 ± 0.9 10.4 ± 1.2 0.12 
 
52.8 ± 1.3 6.7 ± 1.0 0.13 
TFC-M-I 44.1 ± 2.0 6.2 ± 0.1 0.14 
 
38.1 ± 1.8 6.4 ± 1.3 0.17 
method 2 
TFC-O-II 89.5 ± 4.9 10.8 ± 1.2 0.12 
 
56.9 ± 1.8 7.8 ± 0.6 0.14 
TFC-M-II 44.8 ± 0.3 5.4 ± 0.8 0.12 
 





In addition, the difference in selective layer structure may also play a contributing factor.  TFC-
FO membranes fabricated from the CAP-O membrane support have a greater number of small 
ridge-and-valley structures than those from the CAB-M membrane support. As a result, the 
former has a more effective surface area for water transport than the latter. 
 
The CAP-O based TFC-FO membrane has a remarkable water flux of 76 LMH under the PRO 
mode with a reasonably low Js/Jv ratio of 0.15. The water flux is further increased to about 86 
LMH without compromising the Js/Jv ratio after conducting the SDS/glycerol post-treatment 
(i.e., post-treatment method 1). Interestingly, the water flux under the FO mode does show much 
improvement after the SDS/glycerol post-treatment. Clearly, the SDS/glycerol post-treatment 
mainly modifies the selective layer rather than the support layer. As a consequence, the ICP 
effect under the FO mode is not reduced by the post-treatment method 1. After the heat treatment 
(i.e., post-treatment method 2), the TFC-O-II membrane exhibits a very slight improvement on 
water flux under the PRO mode. However, its water flux under the FO mode shows an 
approximate 10% increment. This interesting phenomenon is due to the reduction of membrane 
thickness under heat treatment which helps mitigate the ICP effect [130, 234].  
 
Figure 5.5 shows the water flux and salt reverse flux of the best-performing TFC-O-II 
membranes using DI water as the feed and various NaCl draw solutions ranging from 0.5 to 2M. 
Both the experimental data and the predicted data from the method developed by Tiraferri et al. 
were plotted in Figure 5.5 [233]. The predicted data showed good correlation with the data 
obtained experimentally. Under the PRO mode, the TFC-O-II membrane has a water flux of 
above 100 LMH using 1.5M NaCl as the draw solution, while the salt reverse flux is under 16 
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gMH. Under the FO mode, the membrane has a water flux of about 80 LMH using 2M NaCl as 
the draw solution and the salt reverse flux is kept at around 10 gMH.  
 
 
Figure 5.5 (a) Water flux and (b) reverse salt flux for TFC-O-II membranes at PRO and FO modes using 
DI water feed solutions and different concentrations of NaCl draw solutions. 
 
The predicted transport and structural parameters of TFC-II-O membranes are shown in Table 
5.3. The R
2
 and CV values predicted from the method are within the recommended values. The 
TFC-II-O membranes have a low S value of 31.9μm which is desirable for FO membranes to 
achieve high water flux performance.    
 
Table 5.3 The transport parameters A, B and the structural parameter S of TFC-O-II membranes, 
calculated by the Excel-based error minimization algorithm developed by Tiraferri et al. [233]. 
The related coefficients of determination, R
2
 for both water and salt fluxes and the corresponding 
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5.3.4 PALS analyses  
A non-destructive method, PALS, was employed to analyze the free volume size and intensity of 
the polyamide layers before and after different post-treatments.  Table 5.4 summarizes the free 
volume radii and FFV of the selective layers of TFC-FO membranes synthesized on the CAP-O 
membrane support. Consistent with experimental data as shown in Table 5.2, the free volume 
radius and FFV of the selective layer increase significantly after the SDS/glycerol post-treatment, 
but further heat-treatment results in slight reductions in free volume size and free volume 
intensity.  
 
Table 5.4 Free Volume Radii and Fractional Free Volume of Selective Layers on TFC-FO 
Membranes Based on CAP-O Supports Evaluated by PALS 
membrane ID  TFC-O  TFC-O-I  TFC-O-II  
free volume radius, R (nm)  1.8867 ± 0.0292  2.1818 ± 0.0467 1.9835 ± 0.0284  
fractional free volume, FFV 
(%)  
1.5907 ±0.1210  1.8193 ±0.2286  1.6695 ±0.1284  
 
A previous study has reported that the water flux of TFC RO membranes can be improved 
without compromising the NaCl rejection by post-treating the membranes in a SDS/glycerol 
aqueous solution [232]. However, no further investigations on the causes of improvement were 
carried out. Traditionally, SDS is used as a common surfactant additive in the aqueous amine 
monomer phase during the interfacial polymerization for TFC-RO membranes [142, 235]. The 
addition of SDS is to increase the partitioning capacity of amine monomers into the organic 
phase [236]. Since the TFC-FO membranes in this work were immersed in the SDS/glycerol 
solution only after the interfacial polymerization, it is safe to say that SDS does not help 
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polymerization but remove the unreacted water-soluble TFC monomers from the polyamide 
selective layer. As a result, the free volume size and intensity increase after the SDS treatment as 
shown in Table 5.4. The presence of glycerol may help maintain structure integrity of the 
selective layer while unreacted monomers are being removed at the same time. 
 
Heat treatment is a proven means to tighten membrane pores and increase selectivity [115]. 
However, since the free volume size and intensity values of the TFC-O-II membrane are still 
larger than those of the untreated TFC-O membrane. The effects of the SDS and glycerol 
treatment on membrane microstructure and FO performance stay almost the same after heat 
treatment. Nevertheless, heat treatment results in slight reductions in free volume size and 
intensity in the selective layer as shown in Table 5.4. Since heat treatment also causes a decrease 
in membrane overall thickness, the combined effects of reductions in free volume and membrane 
thickness may counter-balance each other and result in a slight variation in water flux. In 
addition, the increase in free volume does not bring about any loss in selectivity of the TFC-FO 
membranes as there is no increment in the salt reverse flux value. As a result, the Js/Jv ratio of the 




 post-treatments under the 
PRO mode.  
  
5.3.5 Seawater desalination 
The TFC-O-II membrane was further tested for their FO desalination performance by using a 3.5 
wt% NaCl solution as the model seawater and a series of NaCl draw solutions with different 
concentrations. The results were plotted in Figure 5.6. The membrane shows a remarkable water 
flux of above 30 LMH when a 2M NaCl draw solution is used under both PRO and FO modes. 
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To the best of our knowledge, this is the highest FO performance ever reported for seawater 
desalination in literatures. This superior performance is achieved by using (1) novel hydrophilic 
cellulose ester as the membrane support for the fabrication of TFC-FO membranes because it 
possesses highly desirable characteristics for FO applications and (2) the effective post-
treatments consisting of the SDS/glycerol aqueous solution and heat treatment that result in flux 
enhancement without trading off the selectivity. 
 
 
Figure 5.6 Water flux for TFC-O-II membranes at PRO and FO modes using 3.5 wt% NaCl (model 




























5.3.6 Performance comparisons with existing TFC-FO membranes reported in literatures 
Table 5.5 shows a performance comparison based on DI feed water between the TFC-FO 
membranes fabricated in this study and other flat-sheet TFC FO membranes reported in 
literatures [109-111, 132, 1135, 137, 142, 235. 237]. The TFC FO membranes fabricated from 
CAP-O membrane supports outperform other TFC-FO membranes in terms of water flux.  
 
Table 5.5 Comparisons of FO Performance of Various TFC-FO Membranes 
membrane  
water flux, Jv 
(FO/PRO) (LMH) 





TFC-O-II  80.1/128.8 10.0/19.4 2.0 M NaCl this work 
TFC-O-II  56.9/89.5 7.8/10.8 1.0 M NaCl this work 
TFC-FO flatsheet membrane 




48/54 7.6/8.8 2.0 M NaCl 135 
TFC-FO flatsheet membrane 
on sulfonated (50 wt% 
sulfonation) supports  
21.0/33.0 2.2/2.8 2.0 M NaCl 109 
TFC-FO flatsheet membrane 
on PES/sPSf supports  
26.0/47.5 8.3/12.4 2.0 M NaCl 110 
TFC-FO flatsheet membrane 
on CAP supports  
17/35 1.85/1.9 2.0 M NaCl 137 
TFC-FO flatsheet membrane 




7.5/24 1.4/1.7 2.0 M NaCl 111 
TFC-FO flatsheet membrane 
on electrospun PSf supports 
(with SDS addition)  
-/86.1 -/36.4 1.5 M NaCl 142 
TFC-FO flatsheet membrane 
on PSf supports  
18.0/- -/- 1.5 M NaCl 132 




15/32.5 7/18 1.0 M NaCl 235 
TFC-FO flatsheet membrane 
on Psf supports (9 wt% Psf in 
DMF)  
25.0/- -/- 1.0 M NaCl 237 
a




Figure 5.7 compares seawater desalination of the TFC-O-II membrane to other membranes 
reported in literatures using 2M NaCl as the draw solution [111, 135, 137, 230]. The TFC-O-II 
membrane has an outstanding water flux of near to 35 LMH under the PRO mode using a 2M 
NaCl draw solution. Clearly, the prospect of using this novel hydrophilic cellulose ester as a 
membrane support material for TFC-FO membranes is promising. 
 
 
Figure 5.7 Comparison of water flux performance for FO desalination process using 2.0M NaCl draw 
solution. PDA modified PSf TFC-FO [111], CAP TFC-FO [137], sPPSU TFC-FO hollow fiber [230], 



































In this work, a novel hydrophilic cellulose ester containing a high degree of OH and a moderate 
degree of Pr substitutions was discovered to have a high intrinsic water permeability and a water 
partition coefficient.  By adding PEG400 via a one-step casting method using a hydrophilic 
casting substrate, this highly hydrophilic novel cellulose ester membrane support can yield TFC 
FO membranes with superior FO performance for water reuse and sweater desalination. The FO 
performance of the newly developed TFC membranes can be further enhanced by post-
treatments involving the immersion in a SDS/glycerol solution followed by heat treatment. The 
best performing cellulose ester based TFC FO membranes exhibited a high desalination water 




Chapter 6 Conclusions 
Cellulose esters have been one of the most studied materials for reverse osmosis (RO) and 
forward osmosis (FO) membranes in the membrane history since the invention of non-solvent 
induced phase-inversion asymmetric membranes made of cellulose acetate (CA). It was found 
that the transport and free volume properties can be correlated with the functional groups and 
their content in cellulose esters. The cellulose triacetate (CTA), cellulose acetate propionate 
(CAP) and cellulose acetate butyrate (CAB) asymmetric membranes suffered from low FO 
performance due to their low diffusivity selectivity of water over NaCl. Thus, hydrophilic 
cellulose ester with high intrinsic water permeability and water partition coefficient was used to 
construct membrane supports for flat-sheet thin film composite forward osmosis (TFC-FO) 
membranes for water reuse and seawater desalination with high performance. The performance 
of TFC-FO membranes prepared from the hydrophilic cellulose ester containing a high degree of 
hydroxyl (OH) and a low degree of propionyl (Pr) substitutions clearly surpasses those prepared 
from cellulose esters and other polymers with moderate hydrophilicity. Post-treatments of TFC-
FO membranes using sodium dodecyl sulfate (SDS) and glycerol followed by heat treatment 
further enhance the water flux without compromising the selectivity.  
 
With the development of high performance FO membranes, the future focus can be shift to the 
improvement of membrane stability and shelf-life as FO membranes tend to be hydrophilic and 
thin thus mechanically and chemically weak. Study of FO membranes with enhanced mechanical 
and chemical strengths will definitely contribute to a huge step forward in FO technology. The 
incorporation of porous and hydrophilic woven support into the FO membrane structure can be 
explored in order to achieve an improved mechanical strength without compromising the FO 
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performance. Additionally, polydopamine has also been identified to improve membrane’s 
mechanical strength. Besides, design and optimization of FO process for specific applications 
such as fertigation,  power generation (pressure-retarded osmosis) and many more can be studied 
in-depth in order to achieve a higher separation efficiency and minimize steps and energy input 
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